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FOREWORD 


The    effectiveness     of  any   research   organization   is    indi- 
cated   not   by   the    size    of   its    budget,    nor    by  the   size   and 
impressiveness    of   its    building,    not    even   by   the    number    of 
Ph.   D.    scientists    it   includes    on    its    staff.       Rather   a    research 
organization    should    be   judged    on   the    contribution  it    makes    to 
the    growing   fund    of   human    knowledge.       One   indication    of  this 
is    the    published    papers    of   its    scientists . 

New    knowledge,    however,    is    of   relatively   little   use 
unless    it   is    disseminated    so    those   that    can    benefit  from    it 
know    it   exists.       To   these    ends    the    -/arious    published   papers 
of  the    members    of  the    Institute  for   Oceanography   of  the 
Environmental    Science    Services    Administration,    U .    S. 
Department   of   Commerce,    have   been   compiled   into   this 
volume  for   the   year    1966. 

In   November    of    1967,    the    ESSA   Institute  for   Ocean- 
ography,   became  two    separate   activities,    the  Atlantic    Ocean- 
ographic    Laboratories    (Miami,    Florida)    and   the   Pacific 
Oceanographic    Laboratories    (Seattle,    Washington).       Collected 
reprints   for    I968   will    reflect  this    change. 


Harris    B.    Stewart,    Jr. 

Director 

ESSA    Institute   for    Oceanography 
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The  Wave-Driven  Wind 

D.  Lee  Harris 

Institute  for  Oceanography,  ESSA,  Ann  Arbor,  Mich. 
(Manuscript  received  31  January  1966,  in  revised  form  15  July  1966) 

ABSTRACT 

By  photographing  the  movement  of  smoke  plumes  and  recording  the  air  movement  at  fixed  points  above 
the  water  in  an  indoor  wave  tank,  it  is  shown  that  progressive  waves  in  water  may  produce  an  airflow  more 
than  half  a  wavelength,  or  14  wave  amplitudes,  above  the  water. 

The  significance  of  this  finding  is  that  it  indicates  that  the  mean  wind  speed  should  not  vanish  at  the  mean 
water  surface  as  is  commonly  assumed,  and  that  the  vertical  gradient  of  the  horizontal  wind  near  the 
surface  of  water  covered  by  progressive  waves  should  be  less  than  the  gradient  near  a  land  surface  with  other 
conditions  nearly  identical. 


1.  Introduction 

In  August  1964  the  author  discovered  that  the 
operation  of  a  mechanical  wave  generator  in  an  indoor 
laboratory  wave  tank  led  to  an  airflow  immediately 
above  the  waves  with  a  mean  component  in  the  direc- 
tion of  wave  propagation.  It  seems  likely  that  other 
experimenters  would  have  observed  this  wave-driven 
component  of  the  wind,  but  no  mention  of  it  has  been 
found  in  the  literature.  This  is  a  little  surprising,  for  the 
mass  transport  of  water  by  waves  gives  a  similar 
phenomena  on  the  water  side  of  the  air-sea  boundary 
and  has  been  known  for  more  than  a  century  (Stokes, 
1847). 

It  appears  intuitively  that  the  energy  of  the  mean 
airflow  generated  by  surface  waves  could  not  be  a 
significant  part  of  the  energy  budget  of  either  the  air 
or  water.  This  concept  may  explain  the  lack  of  attention 
to  this  phenomenon.  However,  the  phenomenon  may  be 
important  for  quite  different  reasons.  The  mass  trans- 
port by  waves  is  concentrated  in  a  shallow  layer  near 
the  water  surface.  If  the  component  of  the  wind  due  to 
the  waves  is  likewise  confined  to  a  shallow  layer,  the 
existence  of  this  component  will  affect  the  boundary 
condition  of  the  flow  at  the  interface  between  air  and 
water  whenever  waves  are  present. 

Roll  (1965)  presents  an  extensive  review  of  the 
theoretical  and  empirical  studies  of  the  wind  in  the 
lowest  few  meters  of  the  atmosphere  above  the  sea. 
It  is  generally  assumed  in  studying  the  wind  at  the 
lower  boundary  of  the  atmosphere  that  the  wind  speed 
and  the  turbulent  mixing  coefficient  vanish  near  the 
boundary  and  that  the  mixing  coefficient  is  a  linear 
function  of  the  distance  from  the  boundary,  at  least 
for  conditions  of  neutral  stability.  These  assumptions 
lead  to  the  well-known  logarithmic  wind  profile  law 
for  steady  state  flow  near  the  boundary  in  a  homo- 
geneous fluid.  Sutton  (1953,  Chapter  7)  reviews  the 
theoretical  and  empirical  evidence  for  this  law  above 


a  land  surface  and  concludes  that  it  is  well  established 
for  adiabatic  conditions. 

Roll  finds  considerable  empirical  evidence  that, 
in  general,  the  wind  profile  is  not  logarithmic  over  the 
sea  even  when  a  logarithmic  profile  would  be  ex-pected 
over  land.  He  also  reviews  several  theoretical  papers 
which  imply  that  a  logarithmic  profile  should  not  be 
ex-pected  above  the  sea  surface  during  adia.batic  condi- 
tions. He  does  not  consider  the  wave-driven  component 
of  the  wind.  Roll  also  reviews  the  various  theories 
proposed  for  a  generalization  of  the  logarithmic  profile 
law  for  other  than  adiabatic  lapse  rates,  but  these  need 
not  concern  us  here. 

A  full  explanation  of  the  shape  of  the  wind  profile 
above  progressive  waves  will  require  a  combination 
of  at  least  some  of  the  mechanisms  discussed  by  Roll, 
the  wave-driven  wind,  and  perhaps  other  mechanisms 
not  yet  identified. 

Stokes  found  that  each  fluid  particle  affected  by 
irrotational  waves  on  a  deep  layer  of  an  inviscid 
homogeneous  fluid,  otherwise  at  rest,  would  have  a 
mean  velocity  in  the  direction  of  wave  propagation 
given  by 

Up=cA''kh'"'%  (1) 

where  A  is  the  amplitude  of  the  wave,  Up  the  mean  speed 
of  the  particle,  c  the  phase  speed  of  the  waves,  k  the 
wave  number  (2ir/L),  where  L  is  the  wavelength,  and 
z  is  the  distance  from  the  mean  water  surface  (positive 
upward).  This  may  be  rewritten  in  the  form 


Ut,— cirs^e'- 


(2) 


where  s  =  2A/L  is  the  wave  steepness. 

Russell  and  Osorio  (1958)  reported  laboratorj'  experi- 
ments which  show  good  agreement  between  theor}'  and 
observations  for  deep-water  waves.  The  assumption 
of  infinite  depth  is  reasonably  well  satisfied  if  the  depth 
exceeds  half  a  wavelength. 
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The  above  theory  can  be  generalized  in  a  perfectly 
orderly  way  for  fluids  of  finite  depth.  However,  labora- 
tory experiments  by  Bagnold  (1947)  and  others  show 
that  there  is  little  agreement  between  the  generalized 
theory  for  finite  depth  and  experimental  data. 

Longuet-Higgins  (1953)  has  extended  the  theory 
to  include  the  effects  of  viscosity  and  has  shown  that 
viscous  friction  between  the  wave  motion  and  the 
bottom  of  the  wave  tank  transforms  wave  energy  to 
mean  flow  energy  in  such  a  way  as  to  generate  a  steady 
flow  in  the  direction  of  wave  propagation  near  the 
bottom  boundary.  Russell  and  Osorio  (1958)  report 
experimental  results  which  are  in  good  agreement  with 
the  Longuet-Higgins  theory  for  shallow  water. 

The  theory  of  mass  transport  by  waves  in  deep  water 
may  be  taken  as  a  first  approximation  to  the  theory 
for  the  mass  transport  by  waves  on  the  upperside  of 
the  air-sea  boundary  in  the  absence  of  a  mean  wind, 
if  2  in  (1)  is  interpreted  as  —  ]  z] .  The  analysis  of  experi- 
mental data  from  this  point  of  view  will  furnish  some 
guidance  in  the  development  of  a  hydrodynamic  theory 
for  the  wave-driven  wind. 

2.  Laboratory  observations  of  the  wave-driven  wind 

The  simplest  procedure  for  demonstrating  conclu- 
sively the  existence  of  a  wave-generated  component 
of  the  wind  is  to  observe  the  flow  of  the  air  over  mechan- 
ically generated  waves  in  the  absence  of  any  other  wind. 
Observations  of  this  t>^e  have  been  made  by  the 
writer  in  the  72-ft  long  wave  tank  at  the  Coastal 
Engineering  Research  Center  of  the  U.  S.  Army  Corps 
of  Engineers,  described  by  Rayner  (1964),  in  the  54-ft 
long  wind-wave  tank  of  the  Bureau  of  Standards, 
described  by  Keulegan  (1951),  and  in  the  40-  by  86-ft 
wave  tank  of  the  University  of  Michigan  at  Willow 
Run,  Mich. 

In  each  of  the  experiments,  smoke  was  blown  over  the 
undisturbed  water  for  a  few  moments  and  then  the 
wave  generator  was  turned  on.  In  all  cases,  even  with 
moderately  steep  waves,  an  individual  puff  of  smoke 
could  be  followed  for  several  wave  periods  before  it 
became  so  diffused  as  to  prevent  identification.  The 
smoke  appeared  to  drift  slowly  in  the  direction  of 
wave  propagation  over  the  troughs  and  then  to  take  a 
quick  jump  up,  backwards,  and  over  the  wave  crests. 
This  behavior  is  clearly  evident  in  the  moving  pictures 
of  the  smoke  but  is  difficult  to  see  in  the  still  photog- 
raphy reproduced  here.  The  hot  wire  records  discussed 
below  showed  a  sharp  drop  in  the  forward  motion 
of  the  air  above  each  wave  crest.  This  characteristic 
of  the  air  motion  can  be  predicted  by  considering  the 
nonlinear  aspects  of  the  boundary  condition  in  an 
inviscid  theory. 

In  most  experiments,  the  intensity  of  the  turbulence, 
as  displayed  by  the  agitation  of  the  smoke,  and  the 
speed  of  dissipation  of  the  individual  puffs  appeared 
to  be  greater  above  mechanically  generated  waves 


than  above  calm  water;  and  it  appeared  to  decrease 
with  distance  above  the  water.  The  scale  of  turbulence, 
however,  was  always  much  smaller  than  the  particle 
orbits  resulting  from  wave  motion.  The  intensity  of 
turbulence  seemed  to  depend  more  on  wave  steepness 
than  wave  heights. 

In  several  cases  in  which  the  intensity  of  atmospheric 
turbulence  was  low  at  the  beginning  of  a  run,  a  pool  of 
smoke  collected  above  the  water  near  the  exit  end  of 
the  supply  tube  with  the  mechanical  wave  generator  not 
operating  and  moved  away  in  the  direction  of  wave 
propagation  soon  after  the  wave  generator  was  turned 
on.  In  a  few  cases,  the  initial  drift  of  the  smoke  was 
toward  the  wave  generator  before  it  was  turned  on. 
The  direction  of  the  airflow  was  reversed  after  a  few 
full-sized  waves  had  passed  the  smoke  outlet.  In  some 
of  the  experiments,  an  initial  flow  existed  in  the  direc- 
tion of  wave  propagation.  An  increase  in  the  speed  of 
this  flow  appeared  to  take  place  when  the  wave  genera- 
tor was  turned  on. 

In  several  of  the  experiments,  small  pieces  of  card- 
board cut  from  punch  cards  by  a  card  punch  machine 
were  sprinkled  on  the  water  surface  to  detect  the  mass 
transport  in  the  water.  Sometimes  dye  was  used  for 
the  same  purpose.  The  speed  of  mass  transport  of 
smoke,  due  to  wave  action,  was  greater  than  the  speed 
of  transport  of  particles  in  the  water  surface  in  each 
case  in  which  a  comparison  was  made. 

Two  hot  wire  anemometer  probes  were  available 
for  one  series  of  tests  at  Willow  Run.  As  some  of  the 
results  from  this  set  of  tests  will  be  discussed  in  detail, 
a  sketch  of  the  experimental  setup  is  shown  in  Fig.  1. 
The  test  setup  was  near  the  middle  of  the  tank.  The 
hot  wire  probes  were  located  above  the  top  of  the  tank 
walls.  Thus,  horizontal  circulations  covering  an 
area  larger  than  the  tank  were  possible.  The  roof  of  the 
building  was  15-20  ft  above  the  water  surface. 

The  tank  layout  had  been  developed  for  testing  the 
behavior  of  a  barge  in  a  confused  sea,  and  meaningful 
results  in  this  study  could  be  obtained  only  for  the 
period  between  the  arrival  of  the  first  waves  and  the 
arrival  of  reflected  waves  in  the  test  section. 

Before  running  each  test,  it  was  necessary  to  let  the 
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Fig.  L  Schematic  of  wave  tank  used  in  this  study. 
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Fig.  2.  Comparison  of  wave  record  and  wind  records  at  20  cm 
and  44  cm,  period  0.82  sec,  height  10  cm. 


turbulence  levels  in  both  water  and  air  die  down  to 
acceptable  values.  A  short  section  of  record  for  quies- 
cent conditions  was  taken  at  the  beginning  of  each 
run.  The  generator  was  turned  off  as  soon  as  the  first 
fully  developed  wave  reached  the  far  end  of  the  tank ; 
thus,  the  duration  of  each  test  was  something  less  than 
one  minute. 

The  water  depth  during  these  tests  was  1.0  m,  and 
the  wave  period  for  the  tests  to  be  discussed  in  detail 
was  0.82  sec.  No  facilities  were  available  for  an  actual 
measurement  of  the  wave  speed.  However,  the  value 
of  127  cm  sec~\  obtained  from  classical  theory,  appears 
to  be  a  good  estimate.  The  wave  amplitude  was  5.1  cm, 
corresponding  to  a  steepness  of  0.097. 

The  lower  hot  wire  probe  was  consistently  located 
at  2%  cm  above  the  mean  water  level.  The  upper  probe 
was  located  at  44  cm  for  the  data  shown  in  Fig.  2  and 
at  71  cm  for  the  data  shown  in  Fig.  3.  The  response 
of  the  hot  wire  was  nearly  linear  for  these  observations, 
but  its  absolute  value  is  uncertain  by  a  factor  of  four. 
The  lowest  permissible  calibration,  not  the  mean  value, 
has  been  used  in  reducing  the  data.  Thus,  the  air 
velocities  could  have  been  larger  than  the  values  quoted 
below,  but  they  are  not  likely  to  have  been  less. 

A  comparison  of  the  observed  and  theoretical  values 
of  both  the  mean  flow  and  the  wave  motion  is  given 


in  Table  1.  The  theoretical  speeds  apply  to  a  fluid 
particle  whose  equilibrium  elevation  corresponds  to  the 
indicated  height.  The  theoretical  value  of  the  particle 
motion  due  to  waves  and  all  observed  values  apply  at 
the  indicated  heights. 

These  records  give  clear  evidence  of  organized  air 
motion  due  to  the  waves  that  is  detectable  at  an  eleva- 
tion seven  times  the  wave  height  or  0.68  of  the  wave- 
length above  the  mean  water  surface.  The  speed  asso- 
ciated with  the  mean  air  motion  exceeded  that  of  the 
oscillating  component,  so  that  the  airflow  did  not 
reverse  with  the  passage  of  each  wave.  This  point  was 
not  clear  in  the  qualitative  observation  of  the  smoke, 
in  which  one  tends  to  view  the  air  motion  with  respect 
to  a  point  in  the  water  surface.  The  minimum  speeds 
did  occur  over  the  wave  crests,  where  elementary  theory 
would  indicate  a  reversal  of  the  flow  direction.  The 
record  of  air  speed  at  20  cm  above  the  water  shows  a 
flat-top  wave  in  each  of  the  dozen  or  more  tests.  This  is 
indicative  of  harmonics  which  are  in  phase  above  the 
wave  crests  (speed  minima)  and  out  of  phase  above 
the  troughs.  A  series  of  photographs  illustrating  the 
smoke  behavior  is  given  in  Fig.  4. 

The  light  patch  near  the  center  of  frame  a.  is  a 
smoke  cloud  extending  about  10-15  cm  above  the 
water.  The  thin  vertical  line  to  the  left  is  the  smoke 


-Time 


Wind  record  at  71  centimeters 


Wind  record  at  20  centimeters 


Fig.  3.  Comparison  of  wave  record  and  wind  records  at  20  cm 
and  71  cm,  wave  period  0.82  sec,  height  10  cm. 
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Table  1.  Comparison  of  the  observed  and  theoretical 
values  of  the  airflow  above  waves. 


Height 

Maximum 

horizontal 

above  mean 

orbital  speed 

Mean  horizontal  speed 

water  level 

Observed 

Theory* 

Observed 

Theory* 

(cm) 

(cm  sec""') 

(cm  sec"') 

(cm  sec^') 

(cm  sec"') 

0 

. 

39 

— 

12 

20 

12 

12 

35 

1.1 

44 

4.5 

2.7 

39 

0.06 

71 

— 

0.5 

18 

<0.01 

*  Theoretical  speeds  pertain  to  a  particle  whose  equilibrium 
position  is  at  the  indicated  elevation.  Observed  values  pertain 
to  a  fixed  elevation  above  the  mean  water  level. 


outlet.  The  smoke  is  released  about  20  cm  above  the 
water.  The  first  frame  was  taken  before  any  waves 
reached  the  smoke  outlet.  The  first  waves  that  do  pass 
are  little  more  than  ripples.  Frame  b.  is  taken  after 
one  of  the  first  ripples.  Frame  d.  was  taken  after  the 
first  full-sized  wave  had  passed  and  frame  e.  after 
the  third  full-sized  wave.  At  later  times,  the  smoke  was 
being  carried  to  the  right  too  fast  to  detect  in  still 
photography. 

3.  The  effects  of  viscosity  on  the  wave-driven  wind 

According  to  the  theory  of  interface  waves  in  an 
inviscid  fluid,  the  horizontal  component  of  the  velocity 


Fig.  4.  Photographs  of  smoke  plumes,  waves 
moving  to  the  right. 
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due  to  the  waves  must  differ  in  phase  by  180  deg  on  the 
two  sides  of  the  interface.  This  change  of  phase  was 
observed  in  the  smoke  motion.  Any  viscous  boundary 
layer  in  which  the  velocity  was  continuous  was  too  thin 
for  detection.  The  mean  forward  motion  of  the  air, 
near  the  water,  was  greater  than  the  mean  forward 
motion  of  the  water.  Thus,  it  appears  that  the  wave- 
driven  wind  is  not  the  result  of  viscous  drag,  and  that 
some  understanding  of  the  phenomena  can  be  obtained 
without  considering  the  molecular  viscosity. 

According  to  the  inviscid  theory,  the  interface  is  a 
layer  of  infinite  shear  and,  therefore,  a  layer  of  infinite 
vorticity.  As  a  matter  of  fact,  this  vorticity  is  diffused 
into  the  interior  of  the  fluid  by  molecular  diffusion 
and  might  have  been  more  evident  if  the  experiment 
had  been  continued  for  a  longer  time  period.  Any 
vortex  which  exists  in  the  fluid  will  be  alternatively 
stretched  in  the  horizontal  and  vertical  directions  by  the 
wave  motion  and  would  thereby  extract  energy  from 
the  wave  motions.  Thus,  the  existence  of  any  vorticity 
near  the  interface  would  lead  to  the  growth  of  turbu- 
lence in  the  presence  of  waves.  In  the  absence  of  any 
other  flow,  turbulence  produced  in  this  way  would  be 
expected  to  decrease  in  intensity  with  distance  from 
the  interface  because  of  the  magnitude  of  the  stretching 
by  the  wave  motion  decreases  with  distance  from  the 
interface.  The  observations  of  the  smoke  appeared  to 
support  the  above  reasoning,  but  it  has  not  yet  been 
possible  to  place  either  theory  or  observations  on  a 
satisfactory  quantitative  basis. 

If  there  is  a  mean  velocity  shear  between  the  free  air 
and  the  water  surface,  as  is  normal  with  wind-gener- 
ated waves,  this  shear  will  also  produce  turbulence. 
The  resulting  turbulent  viscosity  coefficient  increases 
with  distance  above  the  water.  It  seems  clear  that  a 
combination  of  these  two  turbulence  generating 
mechanisms  should  produce  a  turbulent  viscosity 
which  does  not  vanish  at  the  lower  boundary  of  the 
atmosphere  above  waves  as  assumed  in  the  Prandtl 
theory  or  its  generalizations.  The  Prandtl  theory  was 
developed  for  a  rigid  boundary,  but  it  has  been  widely 
applied  in  the  analysis  of  wind  profiles  above  water. 
It  seems  likely  that  the  turbulent  viscosity  resulting 
from  the  superposition  of  these  two  turbulence  generat- 
ing mechanisms  would  actually  decrease  for  a  short 
distance  above  the  water  surface  under  some  conditions. 

4.  Application  to  the  study  of  wind  profiles  over 
the  sea 

It  is  customary,  when  studying  the  flow  of  a  turbu- 
lent fluid  near  a  boundary,  to  assume  that  the  stress 
is  constant  in  the  boundary  layer  and  that  the  stress 
is  supported  by  a  turbulent  viscosity  which  vanishes  at 
z  =  0  and  increases  linearly  with  z  for  3>0.  When  these 
assumptions  are  made,  it  is  possible  to  show  by  several 
different  methods  that  in  a  homogeneous  (adiabatic) 


fluid 


[/(0)=([/*A)ln(zAo), 


(3) 


where  lJ{z)  is  the  mean  wind  speed  at  height  z,  U» 
=  {t/p)^,  t  is  the  surface  stress,  p  the  fluid  density, 
and  zo  the  effective  height  of  the  roughness  elements 
in  the  surface. 

Eq.  (3)  may  be  combined  with  observations  to 
evaluate  Zo  by  assuming  that  f/  =  0  at  z  =  Zo.  Nikuradse 
(1933)  used  (3)  and  observations  made  with  pipes 
covered  with  uniform  sand  grains  to  determine  that  the 
actual  height  of  the  roughness  elements  was  about  30 
times  Zo.  Several  writers  have  combined  values  of  Zo 
obtained  by  applying  (3)  to  data  observed  above  waves 
with  Nikuradse's  results  to  conclude  that  only  the 
high  frequency  components  of  the  wave  spectrum  form 
roughness  elements  for  the  flow  of  air  above  the  sea. 
Roll  (1965,  pp.  135-140)  summarizes  the  results  of 
several  writers  who  have  found  Zo  to  be  less  than  the 
thickness  of  the  molecular  viscous  layer  which  he 
concludes  must  be  at  least  0.1  cm.  Values  of  Zo  as  low 
as  10~^  cm  have  been  reported. 

There  must  be  a  mean  flow  of  water  in  the  direction 
of  wave  propagation  as  described  in  Section  1.  The 
analysis  techniques  which  were  used  to  derive  (1) 
may  be  applied  to  the  upper  side  of  the  interface  to  show 
that  this  is  the  minimum  velocity  to  be  expected  in  the 
air  above  waves.  The  experiments  described  above 
suggest  that  this  minimum  may  be  greatly  exceeded 
outside  the  viscous  boundary  layer.  Thus,  it  should  be 
clear  that  the  estimates  of  Zq  obtained  by  extrapolating 
(3)  to  a  zero  velocity  are  without  physical  meaning. 
Any  tendency  for  turbulence  to  develop  from  the 
infinite  vortex  sheet  at  the  water  surface  would  also  act 
to  destroy  the  usually  assumed  meaning  of  Zq.  Kitai- 
gorodskii  and  Volkov  (1965)  have  suggested  that  Zo 
should  be  a  function  of  the  propagation  velocity  of  the 
high  frequency  components  of  the  wave  motion.  They 
were  not  able  to  determine  an  entirely  satisfactory 
expression  for  the  roughness  motion,  but  even  a  coarse 
allowance  for  the  velocity  near  the  interface  greatly 
reduced  the  scatter  in  the  observed  values  of  Zq. 

The  value  of  the  surface  stress  obtained  by  applying 
(3)  to  observed  data  may  be  correct  if  the  assumptions 
stated  at  the  head  of  this  section  are  valid  throughout 
the  layer  in  which  observations  are  obtained,  regardless 
of  the  phenomena  that  occur  in  lower  layers.  If  the 
observations  extend  downward  into  the  region  in  which 
the  wave-driven  wind  is  significant,  the  derived  value  of 
U*  will  be  in  error. 

In  the  experiments  reported  in  Section  2,  the  wind 
produced  by  the  waves  was  greater  than  any  other 
component  of  the  wind  for  more  than  half  a  wavelength 
above  the  water.  The  more  interesting  case  is  that  in 
which  the  waves  are  being  generated  by  the  wind.  In 
this  case  the  boundary  layer  wind  produced  by  the 
downward  transport  of  momentum  from  the  free  air 
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must  be  dominant  everywhere,  excepting  possibly  in 
a  very  shallow  layer  near  the  water.  Even  so,  it  is 
possible  that  the  wave-driven,  wind  may  produce  a 
perturbation  on  the  velocity  profile  by  increasing  the 
wind  velocity  in  the  direction  of  wave  propagation  at 
low  elevations  above  the  water.  In  the  case  of  swell 
running  into  regions  of  natural  calm,  a  phenomenon 
much  like  that  observed  in  the  laboratory  may  occur. 

5.  The  mechanics  of  the  wave-driven  wind 

The  mechanics  of  the  wave-generated  wind  may  be 
visuahzed  through  a  conceptual  experiment.  Suppose 
that  mechanically  generated  waves  are  allowed  to 
propagate  through  a  rectangular  tunnel,  open  at  both 
ends.  Let  the  top  of  the  tunnel  be  even  with  the  wave 
crests.  As  the  crest  of  a  wave  moves  into  the  tunnel 
opening,  air  is  sucked  in  to  fill  the  cavity  between  the 
water  surface  and  the  top  of  the  channel.  As  successive 
waves  move  into  the  channel,  the  entrapped  air  is 
carried  forward  at  the  speed  of  wave  propagation.  The 
action  results  entirely  from  pressure  forces. 

If  the  top  of  the  channel  is  lifted  above  the  water, 
the  pressure  forces  are  still  active  and  may  extend  above 
the  crests  of  the  waves.  A  new  phenomenon,  turbulent 
mixing,  also  comes  into  the  picture. 

Air  from  the  space  between  successive  wave  crests  is 
mixed  with  that  at  higher  levels,  thus  reducing  the 
peak  forward  velocity  of  the  air  near  the  water  surface 
to  something  less  than  the  wave  velocity  and  giving 
forward  momentum  to  the  air  at  higher  levels. 

If  there  is  no  mean  wind  velocity,  as  in  the  laboratory 
experiment,  a  nonhnear  perturbation  method  along  the 
lines  used  by  Longuet-Higgins  (1953)  can  be  used  to 
show  that  there  must  be  a  mass  transport  by  waves 
in  the  atmosphere  as  well  as  in  the  water.  This  explains 
the  existance  of  a  wind  in  the  Lagrangian  sense,  and 
shows  that  the  smoke  should  have  moved  in  the  direc- 
tion of  wave  propagation  as  observed.  It  does  not 
explain  the  existence  of  a  wind  in  the  Eulerian  sense 
as  shown  by  the  hot  wire  records.  Nor  does  it  explain 
the   magnitude   of    the   observed    wave-driven    wind. 


Efforts  to  extend  this  theory  to  a  normal  wind  profile 
which  depends  on  the  height  above  the  water  surface 
have  failed  because  some  of  the  integrals  involved  do 
not  converge  satisfactorily. 
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SOME   RESULTS  OF  THE  PROGRAM  CONDUCTED   BY 
GREAT  LAKES-ILLINOIS   RIVER  BASINS  PROJECT  ON  THE  GREAT   LAKES 

J.  B.  Holleyman* 

Abstract.    A  study  of  water  pollution  in  the  Great   Lakes  is  being  conducted  by  the 
Federal   Water   Pollution  Control  Administration.    To  gain   an  understanding  of  the  motion 
of  pollutants  in  the  lakes,   networks  consisting  of  instrumentation  to  record  lake  current 
and  surface   wind  data  were  established  in   Lakes  Michigan,  Erie,  and  Ontario.    These  net- 
works  and  instrumentation   are  described,   tabulations  of  available  data  are  presented,    and 
the  collection   and   reduction  of  data  are  briefly  discussed. 

Wincl.s   recorded  by  the  network  instruments  and  winds  obscr\cfl   aboard   ships  nav- 
igating the  tireat   Lakes   are  compared  with  geostrophic  winds  detcrmmcd  from  synoptic 
weather  maps.    The   results  are  presented  in  terms   of  ratios  of  actual   wind  speeds  to 
geostrc^hic  wind  speeds   and  deviation  in  direction  of  actual   winds  from   the  direction  of 
geostrophic  winds. 

INTRODUCTION 

An  instrument  system  for  recording  the  temperature  and  horizontal  cur- 
rents at  several  levels  in  the  Great  Lakes  and  the  winds  and  temperatures 
above  tlie  lakes  has  been  used  by  the  Great   Lakes-Illinois   River  Basins  Proj- 
ect (GLIRBP)  as  an  aid  in  the  study  of  water  pollution.    This  paper  briefly  dis- 
cusses the  networks,  the  instruments,  the  data  and  some  of  the  results  obtained. 

The  original  network  installed  in 
Lake  Michigan  late  in  1962  consisted  of  ,,  ,-     j 

33  current  meter  stations  with  subsur-  /      (iC  f)       /  I' 

face  temperature  recorders  attached. 
Twenty-two  of  the  stations  also  had  in- 
struments for  recording  the  wind  ve- 
locity.   The  arrangement  of  instruments 
has  been  discussed  in  a  paper  by  Verber 
(1964).    Some  of  the  instruments  were 
damaged  or  destroyed  during  each  year 
of  operation,  and  the  size  of  the  network 
had  to  be  reduced  in  later  years.    Loca- 
tions of  the  stations  for  which  data  are 
available  in  Lakes  Michigan,  Erie,  and 
Ontario  are  shown  in  Figs.  1,  2,  and  3. 

An  inventory  of  the  data  available 
for  these  stations  is  given  in  Tables  1, 
2  and  3. 

THE   RECORDING   SYSTEM 

Current  and  wind  observations 
were  recorded  digitally  on  16mm  film 
in  the  form  described  by  Webster  (1964). 
Each  recorded  direction  gave  the  orien- 
tation of  a  given  instrument  to  magnetic 
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FIG.  1.    Lake  Michigan  network  stations. 


♦Liaison  Meteorologist,   ESSA  Weather  Bureau,   Great  Lakes-Illinois   River  Basins   Project, 
Federal   Water   Pollution  Control  Administration,    Region  V,   U.S.    Department   of  the  In- 
terior,  Chicago,   Illinois. 
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Current  1965  /      a                ;^                                                                           ' 
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^/  •  ,i^    ,.    '  I         system.    The   current 
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one-minute  period  in 

%>'  '  "^  each  20-  or  30-min- 

J- -  +         V  '      3*  D  "e  „    ■  ute   interval,  but  the 

;'/■„(  Jm'        2C      B  j^r25^,\g  anemometer  operated 

"  '■'*  I     I2     "  '   "'  '""  for  only  a  5-second 

period  in  each  20-  or 
FIG.    2.     Lake   Erie  network  stations.  30-minute    interval 

(Webster   1964).    Five 

♦  Current,  Wind,  Temperature  ^    Current  8  Temperature  1964  8  1965,  of    the    Willd    illStru- 

•  Current,  Temperoture  *i"<l  1964  *       •       ,..        t     ■ 

O   Current  r    Current  1964  8  1965,  Wind  8  TempSr-  ments    in    the    Lake 

J  iQC4  °'"''*  '^'  Erie  network  were 

B  ,965  =  atur«6V  ^'  *  '^''  '""''""  modified   in  the  win- 

c    1964,1965  „    Current  8  Temperoture  1964,  Wind  1964  ter    of    1964-1965    to 

Current  8  Temperature  1964  8  1965,       8  1965  ^~J'^<,  -^  nermit    50-second 

Wind  1965  ^^.i-^-, '    kj/  ^ 

samples. 

The  wind  instru- 
ments were  manufac- 
tured by  Geodyne  Cor- 
":-^  4%  ^  1^  t  *^     -'  i         poration.  1  Waltham, 

V  '!f  '<->^«'^<'  P         Mass..  using  a  design 

^Vi9.  —     '*    -^  developed  at  the  Woods 
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Hole  Oceanographic 
Institution.    The  con- 
figuration of  the 

no.   3.     Lake  Ontario  network  stations.  equipment  as  used 

by  GLIRBP  is  shown 


in  Fig.  4."    This  diagram  shows  the  buoy  and  supporting  framework  to  which 
the  wind  instrument  is  fixed.    The  anemometer  sensitivity  varies  with  the  di- 
rection of  the  wind  relative  to  the  supporting  framework.    The  directional  cali- 
bration of  two  of  the  GLIRBP  anemometers,  as  determined  in  the  University  of 
Michigan,  Department  of  Meteorology  and  Oceanography  wind  tunnel,  is  shown 
in  Fig.  5.    The  figure  shows  the  decrease  of  recorded  wind  speed  when  the 
wind  blows  across  the  supporting  framework  before  hitting  the  anemometer 
cups. 

The  directional  calibration  is  reproducible  to  within  5%,  and  corrections 
may  be  applied  if  the  wind  direction  relative  to  the  buoy  is  known  with  suffi- 
cient accuracy.    Unfortunately,  the  magnitude  of  the  calibration  problem  was  not 
fully  recognized  until  the  summer  of  1964,  and  the  angle  between  the  anemom- 
eter and  the  buoy  framework  needed  to  correct  the  earlier  data  was  not  recorded. 


^Trade  names   mentioned  in  this  paper  do  not  imply  endorsement  by  the   Federal  Water 
Pollution  Control  Administration  or  the   U.S.  Department  of  the  Interior. 

-Williams,  George   C.     1964.     Evaluation  of  baioy  wind  data  from  four  adjacent  stations  on 
southern   Lake   Michigan  during  September  and  October   1963.     Unpublished. 


CURRENT  AND  WIND  DATA  325 

TABLE   1.     Inventory'  of  data   available  from   network  stations  in   Lake   Michigan. 


Station 
no. 

Current 
1963 

1964 

Wind 
1963                     1964 

Temperatu 
1963 

re 

1964 

1 

3/31-7/26 

— 

7/24-9/4 

- 

3/31-7/26 

— 

3 

12/17/62-3/22 
11/17- 

6/14 

- 

- 

12/17/62- 
3/22-11/17 

6/14 

4 

12/18/62-8/8 

11/17- 

7/8 

10/10-10/21 

4/12-7/8 

12/18/62-8/s 
11/17- 

7/8 

5 

11/25- 

7/6 

8/8-8/26 

5/12-7/6 

11/25- 

7  '6 

7 

7/31- 

6/16 

- 

4/2-7/4 

7/30-11/9 

11/18-6/16 

8 

7/30-10/16 
11/24- 

4/10 

7/30-10/16 

- 

7/30-10/16 
11/24- 

4/10 

9 

8/18-10/17 

- 

8/18-10/17 

- 

8/18-10/17 

- 

10 

8/16-10/17 
11/25- 

7/5 

8/16-10/17 

5/11-7/5 

8/16-10/17 
11/25- 

7'5 

11 

8/6-11/8 

- 

- 

- 

8/6-11/8 

- 

12 

7/:;i-ii/io 

11/18-4/2 

— 

— 

7/31-11/10 
11/18- 

4/2 

13 

7/'31-10/l8 
11/19- 

7/8 

7/31-10/18 

4/10-7/8 

7/31-10/18 
11/19- 

7/8 

1  1 

^^5-11/7 

— 

8/5-11/7 

- 

8/5-11/7 

- 

i:> 

h/:)-12'11 
11/26 

7/5 

8/5-10/17 

5/11-7/5 

8/5-12/11 
11/26- 

7/5 

ic 

8'J-ll/8 

- 

- 

- 

8/4-11/8 

17 

I  2/1 '62- 

7/9 

- 

4/9-7/9 

12/1/62- 

7/9 

18 

11/29/62-4/20 
U/21- 

4/9 

9/16-11/10 

— 

11  '29/62-4/20 
11/21- 

4/9 

20 

11^.^8/62-11/7 
12/7- 

7/5 

8/4-11/7 

5/10-7/5 

11/28/62-11/7 
12/7- 

7/5 

21 

7/12- 

6/2 

- 

- 

7/12- 

6/2 

27 

8/21-10/28 
12/4- 

7/10 

10/7-10/28 

4/23-7/10 

8/21-10/28 
12/4- 

7/10 

28 

12/4- 

7/10 

- 

4/23-7/10 

12/4- 

7/10 

29 

^  '20-10/28 

- 

10/7-10/28 

- 

8/20-10/28- 

- 

30 

12/5- 

7/4 

- 

4/19-7/4 

12/5- 

7/4 

31 

8/20-11/6 

— 

8/20-11/6 

- 

8/20-11/6 

- 

37 

8/23-10/29 
12/2- 

7/3 

10/6-10/29 

4/20-7/3 

8/23-10/29 

12/2- 

7/3 

38 

12/2- 

7/3 

- 

4/24-7/3 

12/2- 

7/3 

39 

12/2/62-11/6 

— 

8/22-11/6 

- 

12/2/62-11/6 

- 

40 

12/3- 

7/3 

- 

4/19-7/3 

12/3- 

7/3 

41 

8/22-11/5 

- 

8/22-11/5 

- 

8/22-11/5 

- 

46 

10/6-10/29 

- 

10/6-10/29 

- 

10/6-10/29 

- 

47 

10/4-10/31 

— 

10/4-10/31 

- 

10/4-10/31 

- 

48 

10/1-10/31 

- 

10/4-10/31 

- 

10/4-10/31 

- 

54 

9/24-10/30 

- 

9/24-10/30 

- 

9/24-10/30 

- 

61 

9/23-10/29 

- 

9/23-10/29 

- 

9/23-10/29 

- 

C2 

6/22-9/28 

- 

7/22-9/24 

- 

- 
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TABLE   2.     Inventory  of  data  available  from  network  stations  in  Lake  Eric. 


Station 
no. 

Current 
1964                     1965 

Wi 
1964 

nd 

1965 

Temper 
1964 

atu  re 

1965 

1 

5/18-10/12 

11/26/64- 
9/17 

5/18-8/13 

4/19-7/17 

5/18-10/12 

11/26/64- 
9/17 

■  2 

11/26 

4/19 

5/19-10/14 

- 

11/26- 

4/19 

3 

5/19-8/6 

11/26- 

9/16 

5/19-6/29 

4/20-6/23 

5/19-8/0 

11/26- 

9/16 

4 

5/19-10/11 
10/14- 

9/18 



4/26-7/27 

5/19-10/11 
10/14- 

9/18 

5 

5/19- 

5/1 

- 

- 

- 

- 

6 

5/19-10/14 

4/28 

- 

- 

5/19-10/14 

- 

7 

5/19-10/14 
10/14- 

9/18 

5/19-10/14 

4/29-9/17 

5/19-10/14 
10/14- 

9'IM 

8 

5/20-10/15 

5/3-9/19 

5/20-8/9 

5/3-9/19 

5/20-10/15 

5'';i-9/19 

9 

5/20-10/15 
10/16- 

5/2 



— 

5/20-10/15 



10 

5/20- 

8/5 

- 

- 

5/20- 

8/5 

11 

5/20- 

9/18 

5/20-8/9 

5/4-9/17 

5/20- 

9/18 

12 

5/20- 

8/15 

5/20-10/18 

5/6-8/5 

5/20- 

8/15 

13 

8/20-10/15 

— 

— 

- 

8/20-10/15 

- 

14 

5/20- 

9/20 

5/20-10/18 

- 

5/20- 

9/20 

15 

5/21-10/23 

5/7-9/23 

- 

5/7-6/21 

5/21-10/23 

5/7-9/23 

16 

5/20-10/18 

- 

5/20-6/19 
8/10-10/18 

— 

5/20-10/18 

— 

17 

- 

5/7-9/24 

5/21-8/20 

- 

5/21-8/20 

5/7-9/24 

18 

5/19-8/6 

4/21-9/16 

- 

- 

5/19-8/6 

1/21-9/16 

19 

— 

8/11-9/16 

- 

- 

- 

8/11-9/16 

20 

— 

6/12-9/17 

- 

- 

- 

- 

22 

- 

6/12-7/17 

- 

- 

- 

- 

23 

— 

4/19-9/17 

— 

- 

- 

- 

24 

- 

8/8-9/17 

- 

- 

- 

- 

25 

- 

6/16-9/17 

- 

- 

- 

- 

26 

- 

6/16-7/16 

- 

- 

- 

- 

28 

- 

6/15-7/16 

- 

- 

- 

- 

29 

- 

6/14-7/15 

- 

- 

- 

- 

30 

— 

6/14-7/15 

— 

- 

- 

- 

31 

— 

0/14-7/15 

— 

- 

- 

6/14-7/15 

33 

— 

4/21-9/15 

— 

4/21-9/15 

— 

4/21-9/15 

■M 

- 

7/29-8/12 

- 

7/29-8/12 

- 

7/29-8/12 
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In  the  summer  of  1964  a  vane 
was  added  to  each  of  the  buoy 
stations  to  keep  the  anemometer 
oriented  in  a  favorable  direction 
most  of  the  time  and  the  infor- 
mation needed  for  making  cor- 
rections  in  wind  direction  has 
also  been  kept  on  file,   but  no 
corrections  have  actually  been 
applied  to  the  data. 

The  wind  vane  is  more  re- 
sponsive than  one  would  like  for 
this  type  of  study.    However, 
much  uf  the  overshooting  of  the 
vane  proper  is  eliminated  by  the 
oil  dampened  vane  follower  (Rich- 
ardson, Stimson  and  Wilkins  1963). 

OBSERVATIONAL  DATA 

The  photographic  film  is 
sent  to  Geodyne  Corporation^  for 
developing.    The  observations 
must  be  transferred  from  photo- 
graphic film  to  magnetic  tape. 
This  was  accomplished  for  most 
of  the  data  prior  to  August  1965 
by  Information  International  Inc.^^ 
(ni).    Some  earlier  data  and  most 
data  after  August  1965  have  been 
transferred  by  Geodyne.    Webster 
(1964)  has  described  the  data 
transferral  process  used  by  both 

companies  in  sufficient  detail.    However,  one  difference  should  be  mentioned. 
Since  the  fall  of  1963,  two  directional  readings  have  been  obtained  from  each 
observational  interval  analyzed  by  ni  and  the  arithmetic  mean  of  these  two 
(allowing  for  the  discontinuity  360°  -   1°)  is  accepted  as  the  true  direction. 
This  process  was  adopted  to  reduce  the  effect  of  vane  overshoot.     A  detailed 
examination  of  data  samples  from  several  stations  indicates  that  the  error  due 
to  overshoot  is  insignificant  about  90%  of  the  time,  and  that  this  simple  cor- 
rection is  sufficient  for  the  correction  of  most  overshoot  errors. 

All  of  the  wind  data  for  September  1963  have  been  analyzed  by  obtaining 
average  velocities.     The  computer  was  used  to  prepare  printout  charts  with 
the  wind  data  entered  on  them.     A  sample  chart,   including  a  few  merchant 
ship  observations,   is  shown  in  Fig.  6. 

To  study  the  relation  of  buoy  winds  to  synoptic  scale  pressure  features 
It  was  necessary  to  plot  on  weather  charts  the  6- hourly  synoptic  observations 
at  the  surrounding  land  stations  and  also  the  synoptic  ship  reports.    A  pres- 
sure and  frontal  analysis  was  made  and  these  charts  were  used  to  study  the 
relationship  of  buoy  and  ship  winds  to  geostrophic  winds.      For  the  purpose  of 
this  study,  it  was  assumed  that  the  gradient  wind  approximate  the  geostrophic 
wind  for  the  Lake  Michigan  area  because  spacing  between  observation  points 
is  too  great  to  make  a  detailed  analysis  of  the  wind  field  to  determine   if  there 
is  pronounced  curvature  in  the  streamlines. 


FIG.   4.     Instrument  buoy,   toroidal  shape,   not 
to  scale. 
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FIG.   5.     Calibration  of  Geodyne  anemometer. 
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TABLE  3.     Inventory  of  data  available  from  network  stations  in  Lake  Ontario. 


Station 

Current 

Wind 

Temperature 

no. 

19G4 

1965 

1964 

1965 

1964 

1965 

1 

8/16-10/25 
11/17- 

10/17 

8/16-10/25 

- 

8/16-10/25 
11/17- 

10/17 

2 

8/16-10/25 

— 

8/16-10/25 

- 

8/16-10/25 

- 

3 

8/16-10/25 
11/17- 

10/17 

8/16-10/25 

5/10-10/17 

8/16-10/25 
11/17- 

10/17 

4 

8/17-10/26 
11/16- 

5/16 

8/17-10/26 

5/12-10/16 

8/17-10/26 
11/16- 

5/lG 

5 

8/17-10/26 
11/16- 

10/15 

— 

6/l-lT)/15 

8/17-10/26 
11/16- 

10/15 

7 

8/22- 

10/16 

8/22-11/3 

5/12-10/16 

8/22- 

10/16 

8 

8/18-10/27 
11/13- 

5/13 

8/18-10/27 

5/31-10/14 

8/18-10/27 
11/13- 

5/13 

9 

8/19-10/27 
11/15- 

5/14 

8/19-10/27 

5/31-10/14 

11/15- 

5/14 

10 

8/19-10/27 

— 

8/19-10/27 

- 

8/19-10/27 

- 

11 

8/19- 

5/13 

8/19-11/2 

5/31-10/14 

8/19- 

5/13 

12 

8/20-10/31 
11/12- 

5/15 

8/20-10/31 

- 

8/20-10/31 
11/12- 

5/15 

13 

8/20-10/29 

— 

8/20-10/29 

- 

8/20-10/29 

- 

14 

8/20-10/29 

— 

8/20-10/29 

- 

8/20-10/29 

- 

15 

8/21-10/29 

5/30-9/29 

8/21-10/29 

5/30-9/29 

8/21-10/29 

5/30-9/29 

16 

8/21- 

9/29 

8/21-10/28 

5/30-9/29 

8/21- 

9/29 

17 

8/21- 

9/29 

- 

5/29-9/29 

8/21- 

9/29 

18 

8/8-10/25 
11/17- 

10/17 

— 

5/10-10/17 

8/8-10/25 
11/17- 

10/17 

19 

11/13- 

5/13 

— 

— 

11/13- 

5/13 

F 

- 

7/11-8/11 

- 

- 

- 

- 

In  the  investigation  of  the  relationship  of  buoy  and  ship  winds  to  geo- 
strophic  winds,  data  were  examined  for  station  18  in  the  southern  basin  of 
Lake  Michigan  and  for  station  41  in  the  northern  basin.    Ship  observations 
were  selected  for  points  as  close  to  these  stations  as  possible.     The  relation- 
ship of  observed  winds  to  geostrophic  winds  was  examined  in  terms  of  the  two 
areas  of  Lake  Michigan  and  in  terms  of  stability  of  the  air  mass. 

The  stability  of  the  air  mass  was  estimated  on  the  basis  of  the  differ- 
ence between  the  water  temperature  at  or  near  the  surface  and  the  tempera- 
ture at  the  850  mb  level  which  is  approximately  at  the  5000-ft  level  of  the 
atmosphere. 2     A  stable  air  mass,  i.e.   one  with  a  small  lapse  rate,  was  arbi- 
trarily classified  as  one  with  a  decrease  in  temperature  between  the  water 
and  the  850  mb  level  of  O^C  to  6°C.  An  unstable  air  mass,  i.e.  one  with  a 
steep  lapse  rate,  was  classified  as  one  with  a  decrease  in  temperature  with 
height  t)etween  the  two  levels  of  6°C  or  more. 

Table  4  shows  the  ratios  of  buoy  and  ship  wind  speeds  to  geostrophic 
wind  speeds  over  Lake  Michigan  for  the  month  of  September   1963.      Both 
Tables  4  and  5  are  based  on  weather  observations  taken  at  0600C  and  1800C. 
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A  total  of  59  periods  was  used  in 
obtaining  the  data  for  these  two 
tables.    Table  4  shows  for  both 
steep  and  small  lapse  rates  that 
the  ratios  are  less  at  station  41 
than  at  station  18,  possibly  be- 
cause of  a  bias  in  selecting  the 
water  temperature  to  be  used.  The 
water  temperatures  were  taken 
from  points  closer  to  station   18 
than  41.    It  may  also  be  noted  that 
the  ratios  are  higher  for  a  steep 
lapse  rate  than  for  a  small  lapse 
rate.    This  is  to  be  expected  since 
there  is  more  mixing  between  the 
lower  and  middle  layers  of  the  at- 
mosphere in  unstable  situations 
than  in  stable  situations.    Ratios 
for  buoy  winds  are  lower  than  for 
ship  winds,  probably  because  ship 
winds  are  taken  at  higher  elevations 
and  buoy  winds  are  6-hr  averages. 
The  range  of  values  shown  for  steep 
lapse  rates  is  0.529  to  0.771  and 
for  small  lapse  rates  0.481  to 
0.585. 

Table  5  shows  the  average 
deviations  of  buoy  and  ship  wind 
directions  from  geostrophic  wind 
directions  over  Lake  Michigan  for 
September  1963.    The  average  devi- 
ations were  obtained  by  calculating 
the  arithmetic  mean  of  deviation  for  the  total  number  of  periods.    For  both 
steep  and  small  lapse  rates  the  deviation  at  station  41  is  consistently  greater 
than  at  station  18.    For  steep  lapse  rates  the  deviations  of  buoy  and  ship  winds 
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FIG.   6.    Printout  chart  with  buoy  winds,    ship 
winds,   and  observations   at  land  stations  for 
06C  September  2,  1963. 


TABLE  4.     Ratio  of   buoy  and  ship  wind  speeds  to  geostrophic  wind  speeds  over  Lake 
Michigan  for  September  1963. 


Steep    lapse    rate 


Small   lapse    rate 


Buoy 

Ship 

Buoy 

Ship 

#18           #41 

#18            #41 

#18            #41 

#18            #41 

0.629        0.529 

0.771         0.716 

0.481         0.385 

0.585         0.523 

TABLE   5.     Average  deviation  of  buoy  and  ship  wind  directions  from  geostrophic  wind 
directions  over  Lake  Michigan  for  September  1963. 


Steep    lapse    rate 


Small  lapse    rate 


Buoy 


Ship 


Buoy 


Ship 


#18 
I40 


#41 
26° 


#18 
17° 


#41 
420 


#18 
42° 


#41 
570 


#18 
390 


#41 
450 
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from  geostrqphic  winds  are  less  than  for  small  lapse  rates.  The  range  of  val- 
ues shown  for  steep  lapse  rates  is  14°  to  42°  and  for  small  lapse  rate  39°  to 
57°. 

A  confidence  test  was  made  for  stations  18  and  41  to  see  if  the  average 
deviations  obtained  for  these  two  stations  were  from  the  same  population  or 
different  populations,  and  another  confidence  test  was  made  to  see  if  the  aver- 
age deviation  for  steep  and  small  lapse  rates  came  from  different  populations. 
The  test  was  inconclusive  for  the  two  stations,  but  that  for  steep  and  small 
lapse  rates  showed  a  significant  difference  in  the  wind  relationship  for  the  two 
types  of  lapse  rates. 

CONCLUSIONS 

The  relationship  between  geostrophic  winds  and  observed  winds  gives  a 
basis  for  a  method  of  forecasting  winds  over  the  Great  Lakes.  Unfortunately, 
the  relationship  between  winds  and  lake  currents  is  not  as  straightforward.  It 
appears  that  filtered  current  data  will  show  a  systematic  relation  to  the  wind 
field,  but  this  problem  requires  further  study  before  a  method  of  forecasting 
lake  currents  from  surface  winds  can  be  developed. 
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NUMERICAL  COMPUTATIONS  OF  STORM  SURGES  WITHOUT  BOTTOM  STRESS 

CHESTER  P.  JELESNIANSKI 

Environmental  Science  Services  Administration,  Washington,  D.C. 
ABSTRACT 

A  numerical  storm  surge  model,  using  the  linearized  form  of  the  transport  equations,  is  used  to  compute  surges 
in  a  rectangular  basin  of  variable  depth  and  with  three  open  water  boundaries.  The  computed  surges  are  sensitive 
to  the  initial  placements  of  model  tropical  storms  that  are  stationary,  very  slow  moving,  or  moving  parallel  to  the 
coast  at  any  speed.  These  storms  generate  shelf  seiches  and  a  type  of  resurgent  edge  wave  of  significant  amplitude. 
On  the  other  hand,  the  computed  surges  are  almost  insensitive  to  initial  placement  of  moderate  and  fast-moving 
storms. 

The  numerical  model  is  used  to  construct  a  prototype  prediction  system  in  the  form  of  polar  graphs  which  give 
coastal  surge  magnitude  and  dispersion  against  storm  strength  and  speed  and  direction  of  motion. 


LIST  OF  SYMBOLS 

D  depth  of  undisturbed  fluid 

p  atmospheric  surface  pressure 

(p„—po)  pressure  drop  of  model  storm  from  center  of 

storm  to  large  distance 

R  radius  of  model  storm's  maximum  wind 

U  transport  in  z-direction 

t/j  uniform  linear  speed  or  motion  of  storm 

V  transport  in  y-direction 

V  wind  speed  at  any  surface  point  (anemometer 

level)  of  model  stationary  storm 
Vn  maximum  wind  of  stationary  model  storm 

Vs  wind  speed  of  moving  model  storm 

J  Coriolis  parameter 

g  gravity 

h  disturbance  in  the  height  of  free  surface 

k^  tangential  friction  coefficient  of  model  storm 

k„  normal  friction  coefficient  of  model  storm 

r  distance  from  storm  center 

#  direction  of  storm  motion  (mathematical  sense: 

angles  are  measured  counterclockwise  from 

the  x-coordinate  axis) 
9  polar  angle  (storm  center  at  origin) 

<^  inflow  or  ingress  angle  (angle  of  wind  across 

isobars)  of  stationary  storm 
p  density  of  basin  fluid 

Pa  air  density 

T  wind  stress  vector  on  basin's  fluid 

fi  angle  between  sloping  bottom  of  a  basin  and 

the  horizontal 
7  latitude 

X  wavelength 

K  wave  number 

1.  INTRODUCTION 

Past  solutions  for  the  storm  surge  or  meteorological 
tide  problem  were  obtained  by  analytical  and  empirical 
methods.     These  gave  valuable  insight  into  the  problem 


but  they  have  serious  restrictions.  The  analytical  meth- 
ods (Kajiura  [9])  deal  only  with  very  simple  models 
because  of  the  complex  nature  and  mathematical  in- 
tractability of  the  general  storm  surge  equations  of  motion, 
while  the  empirical  methods  (Harris  [5])  suffer  from  a 
paucity  of  actual  observed  storms  and  lack  of  data. 

It  now  appears  that  the  best  hope  for  further  insight 
into  the  problem  will  come  from  numerical  computations. 
Initial  studies  in  this  direction  have  been  made  by  Han- 
sen [4],  who  dealt  with  the  action  of  an  idealized  driving 
force  in  the  North  Sea,  and  Platzman  [15],  who  dealt 
with  an  idealized  pressure  jump  crossing  an  enclosed  lake. 

Recently,  Ueno  [20]  and  Miyazaki  [12]  dealt  with 
empirical  driving  forces  from  observed  tropical  storms 
traveling  in  an  ocean,  and  computed  the  coastal  surges  by 
numerical  means.  These  studies  were  intended  to  be  as 
complete  as  possible  and  considered  non-linear  bottom 
friction,  map  scale  factors,  variations  of  the  Coriolis 
parameter,  etc.  There  was  good  agreement  between 
observed  and  computed  surges. 

The  purpose  of  the  present  paper  is  not  to  expand  on 
the  above  studies,  but  to  describe  an  experiment  with  a 
simpler  model  developed  by  Harris  and  Jelesnianski  [7] 
and  Jelesnianski  [8],  using  idealized  storms  and  basins 
with  a  restricted  number  of  physical  parameters.  From 
computational  experiments,  involving  variation  of  these 
parameters,  much  insight  can  be  gained  as  to  the  relative 
significance  of  the  various  physical  processes  involved. 

The  parameters  used  consist  of  the  Coriolis  parameter 
(assumed  constant),  basin  depth  profile  (one-dimensional), 
stationary  storm  maximum  wind,  radius  of  maximum 
wind,  and  uniform  rectilinear  storm  velocity. 

The  numerical  computations  utilize  the  linearized  form 
of  the  transport  equations  of  motion  without  bottom 
friction.  Bottom  friction  is  one  of  the  least  understood 
phenomena  and  its  introduction  has  been  deliberately 
delayed  while  gaining  other  useful  knowledge  of  storm- 
induced  tides.  For  storms  traveling  at  moderate  or  high 
speed  with  limited   time  on   the   continental  shelf,   the 
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eflfect  of  bottom  friction  on  the  coastal  surge  is  small 
(Kajiura  [9]).  It  was  empirically  determined  by  test 
computations  that  the  coastal  surge  is  insensitive  to  any 
bottom  friction  law,  including  a  no-friction  law,  during 
landfall  of  moderate  and  fast-moving  storms.  For  slow 
or  stagnating  storms,  the  surge  to  the  right  of  landfall 
(observer  on  sea,  facing  land)  is  relatively  insensitive  to 
the  friction  law  used,  except  for  damping  of  shelf  seiches, 
whereas  to  the  left  of  landfall  the  surge  profile  has  wide 
variations. 

For  storms  located  near  and  traveling  parallel  to  the 
coast  in  a  basin  of  sloping  depth,  the  numerical  model  has 
some  deficiencies  without  bottom  friction.  Under  these 
conditions,  the  model  generates  resurgences  or  edge  waves 
(Greenspan  [3],  Lamb  [10],  Reid  [16],  Ursell  [21]).  These 
resurgences,  forming  behind  the  storm's  track  as  distin- 
guished from  the  immediately  formed  and  directly  gener- 
ated surge,  have  differing  amplitudes  and  periods  ac- 
cording to  the  friction  law  used. 

The  present  numerical  model  is  most  suitable  for  model 
storms  of  small  areal  extent,  moving  rapidly,  and  crossing 
the  coast  at  or  near  normal  incidence.  In  this  study  the 
storms  generally  have  a  speed  >10  m.p.h.  and  cross  the 
coastline  at  an  acute  angle  of  at  least  30°.  The  initial 
position  of  the  storm's  center  is  placed  at  least  beyond 
the  continental  shelf.  To  test  the  surge  model,  com- 
parisons are  made  between  computed  and  observed  surges 
for  hurricanes  Audrey  (1957)  and  Carla  (1961)  that  af- 
fected the  Gulf  States. 

The  results  of  this  series  of  experiments  provide  further 
insight  into  the  storm  surge  problem,  point  out  areas  for 
future  research,  and  at  the  same  time  present  some  op- 
erational techniques  for  forecasting  storm  surges  generated 
by  tropical  storms. 

2.  STORM  SURGE  MODEL 

The  storm  surge  model  consists  of  a  model  storm 
traveling  across  a  rectangular  shaped  basin  of  variable 
depth  and  with  three  open  boundaries.  In  the  numerical  pro- 
gram the  storm  and  fluid  in  the  basin  are  initially  quies- 
cent; the  driving  forces  are  allowed  to  grow  to  maturity 
in  a  continuous  manner  (Jelesnianski  [8]).  A  linearized 
form  of  the  transport  equations  without  bottom  friction 
(Harris  and  Jelesnianski  [7])  was  used: 
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A  list  of  symbols  is  given  at  the  beginning  of  this  article. 
Gravity  g,  has  the  value  32.2  ft. /sec. ^  The  Coriolis  pa- 
rameter/ is  constant  (generally  for  latitude  30°),  thereby 
excluding  planetary  waves.  The  equations  consider  baro- 
tropic,  inertio-gravitational  waves. 


The  driving  forces  due  to  pressure  and  wind  are  deter- 
mined from  model  tropical  storms  (see  Appendix  1).  The 
surface  stress  components,  '^'t,  '"'t  are  assumed  to  be  a 
quadratic  function  of  the  wind  speed, 


p 


kpa 


vj<^>y. 


(2) 


where  pa,  the  density  of  air  (1.15X10~^  gm./cm.^),  is 
constant,  and  '^'Fs,  ""Vs  are  surface  wind  components. 
The  non-dimensional  value  used  for  kpajp  is  3X10"^. 
Although  equation  (2)  is  not  universally  accepted,  it  is 
used  as  a  convenience  and  compromise  between  many 
formulations  (Wilson  [22]).  The  \mits  chosen  for  the 
transport  equations  give  h,  the  surge,  in  feet. 

Figure  1  illustrates  the  type  of  basin  used  in  this  study. 
It  has  three  open  boundaries ;  the  boundary  conditions  are : 
no  transport  normal  to  the  closed  coast,  static  heights  on 
the  deep  water  open  boundary  (zero  heights  in  the 
absence  of  the  pressure  driving  force),  and  vanishing 
normal  derivatives  of  transport  on  the  two  remaining 
open  boundaries.  The  one-dimension  depth  profUe  is  a 
convenient  idealization  of  the  Atlantic  and  Gulf  coasts  of 
the  United  States. 

Figure  2  illustrates  an  idealization  of  the  depth  profile 
normal  to  a  natural  coast.'  The  "berm"  and  "dune"  are 
the  first  and  last  line  of  natural  defense  against  the  on- 
slaught of  battering  surface  waves  and  storm  surges. 
The  numerical  model  is  not  strongly  dependent  on  the 
actual  choice  of  boundary  depth,  even  if  it  be  zero,  since 
this  term  enters  only  as  a  factor  of  the  pressure  gradient 
which  in  shallow  water  is  about  two  orders  of  magnitude 
less  than  the  wind  stress  (Jelesnianski  [8]).  This  weak 
dependence  was  borne  out  through  trial  computations; 
accordingly  the  linear  extrapolation  of  the  bottom  profile 
to  point  O'  in  figure  2  was  used  to  represent  the  depth  at 
the  coast.  Only  if  the  depths  away  from  the  boundary, 
especially  at  points  A  and  B,  are  varied  is  there  significant 
variation  of  surge  values.  The  inserted  vertical  wall  is 
a  convenience  to  simulate  the  rapidly  changing  depths  at  a 
coastal  region.  This  system  allows  negative  surges  on  the 
boundary,  avoids  the  problem  of  moving  boundaries,  and 
gives  a  finite  ratio  of  surge  to  depth  on  the  boundary 
providing  the  surge  does  not  touch  bottom. 

The  numerical  forms  used  for  equation  (1)  are  those 
given  by  Harris  and  Jelesnianski  [7]  and  Jelesnianski 
[8].  Grid  distances  were  generally  4  mi.,  except  for  some 
specialized  computations  in  which  a  distance  of  2  mi.  was 
used  along  the  coastal  region.  The  time  intervals  be- 
tween computations  were  generally  2.5  min. 

For  purposes  of  convenience  in  later  sections,  we  now 
define  a  standard  storm  as  one  with  maximum  (stationary 
storm)  wind  of  100  m.p.h.  and  located  at  latitude  30°;  a 
standard  basin  is  one  having  the  depth  profile  of  figure  1. 
Unless  stated  to  the  contrary,  the  observer  will  always 
be  located  at  sea  and  facing  the  coastal  boundary. 


1  See  any  "Coast  and  Harbor  Chart,"  U.S.  Coast  and  Geodetic  Survey. 
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Figure  1. — Plan  and  vertical  section  views  of  the  standard  model 
basin  used  in  this  study. 


3.  APPLICABILITY  OF  THE  MODEL  WITHOUT  BOTTOM 
STRESS 

The  numerical  model  without  bottom  stress  cannot 
handle  all  conceivable  situations  and  must  be  restricted  to 
prescribed  ranges  of  storm  speed,  and  direction  of  storm 
motion  in  the  basin.  These  ranges  were  subjectively 
determined  by  trial  experiments  through  comparison  of 
the  surge  profiles  with  and  without  bottom  friction.  If 
the  differences  in  the  compared  surge  profiles  were  small, 
then  the  movement  vector  of  the  storm  was  considered 
applicable. 

Results  of  trial  experiments  appear  to  give  reasonable 
surges  for  storms  moving  moderately  or  very  fast  along 
paths  that  cross  the  coast  at  an  angle  not  too  small. 
For  other  vector  storm  motions,  the  model  generates  shelf 
seiches  and  resurgences  of  large  amplitude  or  large  trans- 
port values  along  the  coast;  these  features  are  objectionable 
and  should  be  excluded  from  the  model.  For  very  slowly 
moving  storms,  the  model  generates  shelf  seiches  of  signifi- 
cent  amplitude.  For  storms  of  large  areal  extent, 
enormous  transports  eventually  form  in  the  coastal  regions. 
This  situation  can  be  controlled  with  the  introduction  of 
bottom  friction,  but  there  is  great  variance  in  the  damping 
effects  on  the  seiches  with  different  dissipating  mechanisms. 

With  or  without  bottom  friction  (neglecting  seiches, 
and  storms  of  large  areal  extent),   the  most  significant 


Figure  2. — An  idealization  of  the  depth  profile  about  a  coastal 
region.  As  is  the  grid  distance  used  in  the  numerical  model. 
The  vertical  wall  EF  simulates  the  rapidly  changing  depths  of 
the  immediate  coastal  region. 


Figure  3. — Oscillations  of  the  storm  surge  with  time  on  points  of 
the  coastline  for  the  separate  driving  forces  of  pressure  and  wind. 
The  storm  is  stationary  with  center  on  the  coast,  (a)  32  mi.  to 
the  right  of  the  storm  center;  observer  on  sea  facing  land,  (b)  40 
mi.  to  the  left  of  the  storm  center. 


difference  in  the  coastal  surge  profile  exists  to  the  left  of 
landfall.  For  an  example  of  this  situation,  consider  a 
standard  storm,  with  radius  of  maximum  wdnds  equal  to 
30  mi.,  remaining  stationary  with  its  center  on  the  mid- 
point of  a  standard  basin's  coastal  segment.  The  com- 
puted surge  from  this  storm  showed  oscillations  with  time 
at  each  point  of  the  coast.  In  figure  3  are  shown  the 
oscillations,  for  the  wind  and  pressure  driving  forces 
separately,  for  two  points  on  the  coast  located  32  mi.  to 
the  right  and  40  mi.  to  the  left  of  the  storm's  center.  The 
amplitudes  and  periods  do  not  systematically  change  with 
time,  suggesting  that  the  oscillations  are  not  the  result  of 
impulsive  generation.  Plots  made  of  the  surge  profile  on 
the  coast  at  discrete  time  intervals  demonstrated  that  the 
water  level  oscillated  up  and  dowm  as  a  shelf  seiche  (see 
Appendix  2).     The  same  computations  were  performed 
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Figure  4. — Storm  surge  on  the  coast  IOJ.2  hr.  after  initialization.  The  abscissa  is  the  coastline.  The  observer  is  on  sea  facing  land. 
The  storm  travels  parallel  to  the  coast  at  35  m.p.h.  The  driving  forces  are  superimposed,  (a)  Storm  moving  to  the  right,  (b) 
Storm  moving  to  the  left. 


with  grid  distances  of  2  mi.  in  the  region  near  the  coast  and 
the  storni's  radius  of  maximum  winds  halved  to  15  mi. 
The  periods  did  not  differ  significantly  from  those  of 
figure  3.  This  also  suggests  that  the  oscillations  are 
mainly  a  shelf  seiche. 

Therefore  in  this  study,  for  storms  of  large  areal  extent, 
we  will  consider  only  those  that  travel  at  speeds  >  10 
m.p.h.,  for,  in  this  case,  the  seiches  are  not  unreasonably 
large  and  there  are  not  large  differences  in  the  computa- 
tions with  or  without  bottom  stress. 

Another  situation  that  generates  large  amplitudes  in 
the  numerical  model  without  bottom  friction  occurs  when 
a  storm  travels  parallel  or  nearly  parallel  to  the  coast  with 
its  center  in  shallow  water.  Figure  4  shows  plots  of  the 
water  level  on  the  coast  10)^  hr.  after  initialization  of 
computations  for  the  storm  considered  above  with  its 
center  now  moving  along  the  coast,  both  to  right  and  left, 
at  35  m.p.h.  In  both  cases  there  was  a  train  of  waves  of 
rather  large  ampHtude  behind,  but  not  in  front  of,  the 
storm's  track  on  the  coast.  When  moved  to  the  right  the 
storm  generated  a  large  negative  surge,  whereas  when 
moved  to  the  left  it  generated  a  large  positive  surge. 

It  has  been  suggested  that  the  resurgences  behind  the 


storm's  track  could  be  edge  waves  (Reid  [16]).  These 
waves,  if  excited,  occur  in  a  semi-infinite  uniform  sloping 
depth  basin  having  a  straight  coastline.  The  basin  (fig.  1) 
used  in  the  present  computations  does  not  exactly  fit  this 
geometry  (because  of  the  vertical  wall  and  non-constant 
slope),  but  as  a  first  approximation  it  is  assumed  that  the 
basin  can  generate  a  wave  which  closely  approaches  the 
edge  wave  phenomenon. 

The  rear  portion  of  the  resurgent  wave  trains  should 
travel  along  the  coast  with  group  velocity  (Munk  [13]). 
Reid  [16]  gives  the  group  velocity  of  edge  waves  traveling 
in  either  direction  on  the  coast  as  {g  sin  0)  ■  (4gK  sin  l3-{- 
y2^-i/2  Because  program  limitations  permitted  only 
a  relatively  short  time  span  for  the  model  storm  moving 
parallel  to  the  model  coast,  the  numerically  computed 
speed  for  the  rear  of  the  wave  train  could  not  be  exactly 
determined;  qualitatively,  it  appears  to  be  of  the  order 
given  by  Reid  [16].  Separate  calculations  were  made  for 
storms  traveling  parallel  to  the  coast  with  differing  con- 
stant speeds;  the  computed  resurgence  amplitudes  were 
larger  for  storms  traveling  with  greater  speed. 

It  is  interesting  to  view  the  surge  with  time  at  a  fixed 
point  on  the  coast.     Figure  5  shows  such  oscillations,  as 
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surge  height  at  a  fixed  point  on  the  coast  with  time  for  passage  of  a  storm  moving  parallel  to  the  coast  at  35  m.p.h. 
(a)   Storm  moving  to  the  right,     (b)   Storm  moving  to  the  left. 


would  be  observed  by  tide  gages,  for  the  traveling  storms. 
Figures  4  and  5  show  that  the  oscillations  or  resurgences 
are  traveling  waves  and  not  seiches. 

The  directly  generated  surge  (i.e.,  the  first  peak  to  the 
right  of  the  storm  center)  should  not  be  confused  with  the 
resurgences.  If  the  last  crest  and  trough  of  the  wave  train 
behind  the  storm's  track  in  figure  4  are  considered  to  be 
part  of  the  resurgence,  then  the  resurgent  wavelengths 
are  almost  the  same  in  both  figures,  about  135  mi. 

Reid  [16]  gives  the  edge  wave  frequency  (fundamental 
mode)  as, 


^=-^'f^JgKsm0+(JJ- 


(3) 


The  wave  number  k  is  positive.  The  two  frequencies  are 
for  waves  moving  on  the  coast  to  the  right  and  left 
respectively.  If  the  phase  velocity  of  the  resurgent  waves 
were  equal  to  the  longshore  storm  velocity,  then  by  (3), 


X= 


2M, 


g  sin  /3-y|U.i 


In  this  case  the  wavelength  does  not  depend  on  direction 
of  storm  movement  along  the  coast.  If  sin  (9=200  ft./56 
mi.  for  the  model  basin  and /=0.73X  10~Vsec.,  then  for 
i  Us  I  =  35    m.p.h.,   the   wavelength    becomes   144    mi.   and 

216-651  0—66 5 


agrees  fairly  well  with  the  resurgences  of  figure  4.  Sep- 
arate computer  runs  for  slower  and  faster  moving  storms 
showed  that  the  wavelengths  of  the  resurgences  varied 
approximately  as  the  square  of  the  storm  speed. 

The  amplitudes  of  the  directly  generated  surge  and 
resurgences,  for  storms  traveling  parallel  to  the  coast, 
became  smaller  the  farther  the  storm  center  was  placed 
from  the  coast.  Separate  tests  made  with  bottom  stress 
served  to  damp  the  resurgences,  and  the  damping  quality 
depended  on  the  type  of  dissipating  mechanism  chosen. 
Because  of  this,  the  treatment  of  resurgences  has  been 
deliberately  avoided  at  this  time  and  will  be  treated  in  a 
future  paper.  Hereafter  we  shall  consider  only  storms 
that  cross  the  coast  at  an  acute  angle  of  at  least  30°; 
under  these  conditions  any  resurgences  that  form  are  of 
small  amplitude,  and  bottom  friction  plays  only  a  small 
role  in  the  coastal  surge. 

4.  SEPARATE  EFFECTS  OF  THE  DRIVING  FORCES  OF 
A  MOVING  STORM 

The  computed  storm  surge  is  determined  by  driving 
forces  consisting  of  wind  stress  and  pressure  gradient.  It 
is  desirable  to  determine  the  relative  effects  of  these  two 
forces  and  to  see  whether  the  pressure  driving  force  acts 
in  a  static  sense.     To  do  this  we  consider  a  standard  storm 
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(radius  of  maximum  winds  15  mi.;  not  of  large  areal  extent) 
traveling  in  a  standard  basin.  The  static  height  of  this 
storm  is  1.85  ft.  Two  cases  are  considered:  storms 
traveling  at  normal  incidence  to  the  coast  but  at  different 
speeds,  and  storms  travehng  at  a  constant  30  m.p.h.  but 
at  different  crossing  angles  to  the  coast.  All  storms  are 
placed  initially  so  that  landfall  occurs  at  the  same  time, 
except  for  slowly  moving  storms. 

Figure  6  gives  the  numerically  computed  maximum 
storm  surge  height  on  the  coast  plotted  against  storm 
speed  for  the  separate  driving  forces,  as  well  as  the  maxi- 
mum height  from  a  superposition  of  these  driving  func- 
tions. The  maximum  surge  associated  with  the  pressure 
driving  force  shows  more  variation  with  storm  (travel) 
speed  than  does  that  associated  with  wind  stress.  Notice 
that  the  resultant  peak  storm  surge  from  superposition  of 
the  driving  functions  is  not  a  simple  addition  of  the  two 
peak  surges;  this  is  so  because  the  two  coastal  surge 
profiles  are  not  geographically  similar.  For  the  model 
storm  and  basin  considered,  the  greatest  coastal  surge 
maximum  occurred  for  a  storm  speed  of  about  37  m.p.h. 

Let  the  observer  be  oriented  on  a  straight-line  coast  so 
that  water  is  to  his  right  and  land  to  his  left;  let  the  direc- 
tion he  faces  be  relative  north  with  his  back  to  relative 
south  along  the  coast.  Angular  crossings  of  the  storm 
at  the  coast  will  now  be  defined  in  the  meteorological 
sense;  thus,  a  storm  moving  to  relative  north  along  the 
coast  has  an  angular  crossing  from  the  south  or  180°,  one 
moving  from  sea  to  land  and  crossing  the  coast  at  normal 
incidence  has  an  angular  crossing  from  the  east  or  90°, 
one  moving  to  relative  south  along  the  coast  has  an 
angular  crossing  from  the  north  or  0°,  etc. 

Figure  7  illustrates  the  numerically  computed  maximum 
storm  surge  on  the  coast  for  different  angular  storm 
crossing  for  the  separate  driving  forces,  for  a  superposition 
of  these  forces,  and  for  the  absolute  value  of  the  lowest 
surge  on  the  coast  at  time  of  maximum  surge  (the  mini- 
mum surge  does  not  necessarily  occur  at  time  of  maximum 
surge).  The  maximum  peak  surge  from  superposition 
of  forces  occurred  for  an  angular  crossing  of  about  65°; 
the  greater  variation  of  this  peak  surge  compared  to  those 
of  the  separate  forces  is  due  to  the  geographical  dissimi- 
larity of  the  separate  coastal  storm  surge  profiles. 

Figures  6  and  7  show  that  the  pressure  driving  force 
has  important  and  significant  dynamic  effects  for  a 
moving  storm  and  cannot  be  considered  merely  in  a  static 
sense.  Henceforth,  all  computations  will  be  made  with 
a  superposition  of  the  two  driving  forces. 

5.  PROTOTYPE  STORM  SURGE  PREDICTION  SCHEME 

A  storm  surge  prediction  scheme  based  on  the  numerical 
model  and  not  requiring  access  to  a  computer  will  now  be 
described.  Pre-computed  coastal  surge  profiles  wUl  be 
considered  for  the  conditions  of  a  standard  storm  traveling 
across  a  standard  basin  and  several  other  variable  param- 
eters will  be  incorporated.  Suitable  modifications  to 
the  profile  can  then  be  made  to  accommodate  storms  and 
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Figure  6. — The  maximum  coastal  surge  for  the  driving  forces  at 
different  storm  speeds;  the  storm's  direction  of  motion  is  at 
normal  incidence  to  the  coast.  The  large  dots  are  values  for 
actual  computer  runs. 
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Figure  7. — The  maximum  coastal  surge  for  the  driving  forces,  and 
the  minimum  for  superposition  of  forces,  at  different  storm 
crossing  angles  to  the  coast;  the  storm  speeds  are  all  30  m.p.h. 
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basins  other  than  standard.  These  modifications,  or 
corrections,  are  useful  only  if  the  actual  or  "on  hand" 
storms  and  basins  do  not  differ  greatly  from  standard. 

A  typical  pre-computed  coastal  surge  profile  is  illus- 
trated in  figure  8.  The  observer  is  on  the  sea  facing 
land.  For  a  storm  with  landfall  at  point  O,  the  positive 
surge  GCBDF  is  considered  sufficiently  located  by  the 
five  separate  points  when  distance  OA  is  prescribed. 
The  maximum  height  of  the  surge  is  given  by  AB,  the 
lowest  surge  value  is  given  by  IH;  CD  is  the  distance  on 
the  coast  for  surge  values  >)2  AB  (where  CJ:^^JD), 
EF  is  the  distance  for  surge  values  >  %  AB,  and  AG  is  the 
distance  to  zero  surge  on  the  coast.  The  profile  at  point 
H  is  occasionally  too  fiat  to  readily  define  the  distance  AI. 

A  particular  coastal  surge  profile  is  computed  in  the 
numerical  model  for  fixed  parameters  of  (1)  latitude,  (2) 
depth  profile,  (3)  stationary  storm  maximum  wind,  (4) 
speed  of  storm  motion,  (5)  direction  of  storm  motion,  and 
(6)  radius  of  maximum  wind.  To  see  how  the  profile  is 
influenced  by  these  parameters,  consider  a  standard  storm 
in  a  standard  basin  and  vary  the  last  three  parameters. 
Then  contour  the  specialized  heights  and  distance  of 
figure  8  on  polar  charts,  where  rays  are  direction  of  storm 
motion  (crossing  angles)  and  radii  are  storm  speeds.  Let  all 
storms  be  placed  initially  so  that  landfall  occurs  at  the 
same  time  (5  hr.  after  start),  except  that  storms  which 
spend  considerable  time  on  the  continental  shelf  are 
placed   initially   at   least   beyond   the   continental   shelf. 

Figures  9  a-b  give  the  distance  in  miles  from  landfall 
to  the  maximum  surge  on  the  coast  plotted  against  storm 
velocity.  The  contours  are  restricted  to  the  wedge- 
shaped  region  outlined  in  broken  lines  and  to  storms 
traveling  from  sea  to  land.  Notice  that  the  contour 
distance  is  almost  equivalent  to  the  radius  of  maximum 
winds  throughout  the  region  except  where  edge  wave 
phenomena  occur.  The  contours  of  figure  9a  were  drawn 
from  25  separate  calculations  and  of  figure  9b  from  21 
different  calculations. 

Figures  10  a-b  give  contours  of  the  maximum  surge  on 
the  coast  against  storm  velocity.  It  is  interesting  to  note 
that  higher  surges  occur  for  storms  moving  from  relative 
northeast,  all  other  things  being  equal.  For  operational 
purposes  it  possibly  would  be  more  appropriate  to  define 
a  standard  storm  for  fixed  pressure  instead  of  fixed  maxi- 
mum wind.  Had  this  been  done,  figures  10  a-b  would  be 
nearly  identical;  this  is  so  because  the  same  pressure 
drop  in  storms  gives  a  maximum  wind  that  varies  in- 
versely as  the  radius  of  maximum  wind  (fig.  21)  and  hence 
opposes  changes  in  surge  formation.  This  bears  out  the 
conclusion  of  Conner,  Kraft,  and  Harris  [1],  who  found  an 
empirical  correlation  between  peak  surges  and  pressure 
drop  of  storms. 

Contours  of  the  minimum  surge  on  the  coast  as  a 
function  of  storm  velocity  are  shown  in  figure  11.  Be- 
cause of  the  general  flatness  of  slope  about  this  surge,  the 
distance  from  it  to  the  maximum  surge  was  not  always 
discernible.  The  minimum  surge  does  not  necessarily 
occur  at  time  of  maximum  surge. 


Figure  8. — A  typical  computed  coastal  surge  profile.  The  ob- 
server is  on  sea  facing  land.  The  various  heights  and  distances 
are  for  later  reference. 


Figure  9. — Contours  of  distance  in  miles  from  landfall  to  maximum 
coastal  surge.  The  arguments  are  speed  and  direction  of  uniform 
rectilinear  storm  velocity:  concentric  semicircles  are  storm  speeds 
and  rays  are  crossing  angles  of  storm  to  coast.  The  small  insert 
illustrates  the  storm  surge  profile  of  figure  8  and  the  distance 
contoured,  (a)  Radius  of  storm  maximum  wind,  15  mi.  (b) 
Radius  of  storm  maximum  wind,  30  mi. 


Figures  12  a-b  give  contours  of  distance  on  the  coast, 
for  surge  values  greater  than  or  equal  to  }i  the  maximum 
surge,  against  storm  velocity.  The  above  distance  is 
assumed  in  this  study  to  have  a  symmetrical  surge  profile 
about  the  maximum  surge,  that  is  to  say  CJ~JD  in 
figures  12  a-b;  actuaUy  the  computed  distance  JD  was 
always  slightly  larger  than  CJ.  The  contours  in  the 
figures  imply  that  the  distance  is  roughly  three  times  the 
radius  of  maximum  winds. 

Figures  13  a-b  give  distance  contours  on  the  right  side 
of  the  coast  from  the  maximum  surge  to  the  point  on  the 
coast  having  ji  the  maximum  surge  height. 
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Figure   10. — Contours  of  maximum  or  peak  coastal  surge.     The       Figure   12. — Contours  of  distance  on  coast  wliere  surge  is  greater 
arguments  are  identical  to  figure  9.  than  Y^  the  maximum  surge  height.     The  arguments  are  identical 

to  figure  9. 


Figure   11. — Contours  of  minimum  coastal  surge.     The  arguments 
are  identical  to  figure  9. 


Figures  14  a-b  give  distance  contours  for  the  left  side 
of  the  coast  from  the  maximum  surge  to  the  point  on  the 
coa?t  having  zero  surge.  This  distance,  of  all  the  distances 
discussed,  is  the  least  rehable  in  the  numerical  model. 

Figures  15  a-b  give  the  time,  in  minutes,  of  arrival  of 
the  maximum  surge  on  the  coast  after  landfall  of  the  storm. 


For  slowly  moving  storms,  especially  those  traveling  at  a 
small  acute  angle  to  the  coast,  the  computed  arrival  time 
is  sensitive  to  initial  placement  of  the  storm;  consequently 
no  attempt  was  made  to  contour  arrival  time  in  the  figures 
for  the  slower  moving  storms. 

In  the  construction  of  a  practical  forecasting  system 
for  storm  surges,  it  is  desirable  to  consider  actual  storms 
and  basins  that  differ  significantly  from  standard  ones 
and  to  correct  the  coastal  surge  profile  plotted  from 
figures  10-14  without  re-doing  all  previous  computations 
for  the  new  variable  parameters  of  maximum  wind, 
latitude,  and  depth  profile.  This  will  be  done  here,  with 
the  understanding  that  the  "on  hand"  storms  and  basins 
do  not  differ  greatly  from  the  standard  ones. 

The  drivdng  forces  in  the  numerical  model  were  so 
designed  that  the  surge  is  almost  proportional  to  the  wind 
parameter  squared.  The  pressure  drop  of  the  model 
storm  (Appendix  1)  varies  almost  linearly  with  the  wind 
parameter  squared  (fig.  21);  this  suggests  that  the  surge 
from  the  pressure  driving  force  is  almost  proportional  to 
the  wind  speed  squared. 

The  magnitude  of  the  wind  stress  at  any  surface  point 
of  the  basin  varies  approximately  as  the  wind  parameter 
squared.  To  show  this,  consider  a  storm  moving  at 
normal  incidence  to  the  coast.  The  ratio  of  the  stress 
magnitude  for  any  F„  to  the  stress  magnitude  for  a 
standard  storm,  Vie=100  m.p.h.  (see  equation  (A8)  of 
Appendix  1),  is 
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Figure  13. — Contours  of  distance  on  coast  from  maximum  surge      Figure  14. — Contours  of  distance  on  coast  from  maximum  surge 
to  }i  the  maximum  surge  height.     The  arguments  are  identical  to  zero  surge.     The  arguments  are  identical  to  figure  9. 

to  figure  9. 


(^).J         (^)-^?^^^^+^-^  +  ^ 
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100 


sin  (0+<^ioo)  +  l 


(4) 


The  right  side  of  (4)  differs  from  unity  only  if  the  ipeed 
of  the  storm  UsT^Q  and  F^f^IOO  m.p.h. ;  in  the  worst 
possible  case  (t7s=60  m.p.h.)  the  form  remains  within  a 
few  percentage  points  of  unity  providing  the  maximum 
wind  does  not  greatly  differ  from  standard.  Separate 
computations  with  storms  of  differing  maximum  winds, 
velocities,  etc.  showed  that  the  heights  are  almost  propor- 
tional to  the  wind  parameter  squared  and  always  agreed 
to  within  a  few  percentage  points;  there  was  no  change  in 
the  dispersion  of  the  surge  on  the  coast. 

Different  values  of  the  Coriolis  parameter  alter  the  two 
driving  forces  of  the  model  storm  to  some  extent  and  these 
in  turn  act  to  oppose  changes  in  the  surge  due  to  change 
in  latitude;  consequently  the  numerically  computed  surge 
is  almost  conservative  with  respect  to  the  Coriolis  param- 
eter for  the  model  storms  and  basins  of  this  study.  In 
general  the  coastal  surge  increases  only  slightly  with 
latitude.  Test  computations  showed  that  the  surge  h 
varied  almost  linearly  with  latitude  7  between  latitudes 
15°  and  45°  according  to, 

A=A,3oo  [1.0  +  0.003  (7-30°)] 

We  therefore  define  a  latitude  correction  factor  Fy  as 


Figure  15. — The  time  of  arrival  (in  minutes)  of  the  maximum 
coastal  surge  after  landfall  of  the  storm.  The  arguments  are 
identical  to  figure  9. 


7^^=1.0  +  0.003  (7-30°) 


(5) 


The  total  surge  on  the  coast  became  slightly  more  dispersed 
with  increasing  latitude.  The  latitude  correction  factor 
for  differing  values  of  the  remaining  surge  parameters 
would  differ  slightly  from  (5)  but  not  in  sense.     The  value 
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Figure  16. — Depth  profiles  simulating  the  range  of  depths  ofif  the 
Atlantic  and  Gulf  coasts.  The  numbers  on  the  profiles  are 
corrections  which  can  be  applied  to  surges  computed  with  the 
idealized  depth  profile. 


of  the  factor  does  not  differ  greatly  from  unity  within  the 
range  of  latitude  common  to  most  storms  and  can  be 
considered  as  an  approximate  correction  for  the  entire 
positive  surge  height  on  the  coast,  providing  the  other 
fixed  parameters  do  not  differ  radically  from  standard 
values. 

Figure  16  illustrates  some  typical  depth  profiles  off  the 
Eastern  and  Gulf  States  of  the  United  States.  The  num- 
bers of  the  depth  profiles  are  correction  factors  Fd  to  be 
applied  to  the  computed  surge  profile  when  the  depth  is 
other  than  standard;  they  were  determined  by  trial  runs 
using  standard  storms.  The  contours  of  figures  10  a-b 
woidd  follow  a  somewhat  different  pattern  for  depth  pro- 
files other  than  standard.  This  means  that  the  correction 
factors  of  figure  16  are  not  invariant  for  different  values 
of  the  other  surge  parameters,  but  the  sense  is  always 
correct.  Separate  computations  show  that  the  depth 
correction  factor  does  not  differ  to  any  great  degree  for 
the  range  of  the  various  parameters  in  this  study.  Al- 
though the  correction  factors  for  maximum  surge  are 
significant,  it  is  interesting  to  note  that  the  various  distances 
defined  in  figure  8  were  altered  very  little.  This  is  in 
contrast  to  varying  the  Coriolis  parameter  which  caused 
heights  and  distances  to  change  with  approximately  the 
same  significance. 

6.  TEST  OF  THE  MODEL 

Two  actual  storms  in  the  Gulf  of  Mexico  will  be  con- 
sidered to  illustrate  the  mechanisms  of  storm  surges. 
The  region  of  the  Gulf  was  chosen  because  storms  there 
generally  strike  the  coast  at  or  near  normal  incidence,  and 


the  astronomical  tide  is  small.  Portions  of  the  coast  can 
be  approximated  by  straight  lines,  except  for  the  many 
bays  and  inlets.  The  various  depth  profiles  off  the  coast 
vary  roughly  within  the  range  of  figure  16. 

Hurricane  Audrey  struck  the  most  shallow  region  of 
the  Gulf  coast  on  June  27,  1957  causing  destructive  storm 
surges  (Harris  [6]).  This  storm  had  a  pressure  drop  of 
57  mb.,  a  radius  of  maximum  winds  of  22  mi.,  and  maxi- 
mum winds  of  95  m.p.h.  (cf.  [2]).  These  values  agree 
remarkably  well  with  the  nomogram  of  figure  21.  The 
speed  of  the  storm  was  about  16  m  p.h.  For  the  model 
storm,  the  values  i?  =  22  mi.  and  VR  —  'd5  m.p.h.  will  be 
used;  the  latitude  of  landfaU  was  almost  30°. 

Figure  17  illustrates  the  coastal  geography  and  depth 
patterns  of  the  Gulf  of  Mexico  in  the  vicinity  of  Audrey's 
landfall.  The  solid  contour  is  the  computed  surge  profile 
he  derived  from  the  standard  profile  hs  corrected  for 
parameters  different  from  standard,  i.e., 

^-^'(t^oT^^^- 

The  actual  depth  profile  normal  to  the  shore  varies  along 
the  coast;  consequently  F^  with  values  from  figure  16, 
was  applied  at  strategic  points  along  the  coast;  correction 
for  2-dimensional  depths  in  this  manner  is  a  good  approxi- 
mation even  though  the  depth  profile  of  the  standard 
basin  was  constant. 

The  observed  high  crest  values  in  figure  17  are  from 
reporting  tide  gages.  Just  east  of  Cameron,  high  water 
marks  between  10  and  14  ft.  were  measured  by  the  U.S. 
Army  Corps  of  Engineers  (Harris  [6]).  The  high  crest 
values  in  Galveston  Bay  occurred  before  landfall  and 
possibly  can  be  explained  as  local  effects  in  the  bay; 
at  time  of  landfall  these  gages  were  reading  much  smaller 
values. 

Carla,  an  immense,  slowly  moving,  and  meandering 
storm  finally  struck  the  Texas  coast,  where  waters  in  the 
Gulf  are  deepest,  on  September  11,  1961  at  about  1600 
EST.  The  latitude  of  landfall  was  about  28°.  The 
observed  surges  from  this  storm  are  noteworthy  not  only 
for  large  amplitudes  but  also  for  the  horizontal  extent, 
or  dispersion,  and  duration  of  the  storm-induced  tides 
(Harris  [6]).  The  general  coastline  struck  by  this  storm 
is  fairly  straight;  the  depths  vary  considerably  in  two 
dimensions. 

Meteorological  information  on  the  storm  is  sparse. 
The  pressure  drop  ^  was  about  85  mb.  A  radius  of  maxi- 
mum winds  R=25  mi.  was  chosen;  this  gives  Ufl  =  117 
m.p.h.  from  figure  21.^  For  somewhat  larger  or  smaller 
R,  the  computed  surge  profile  will  not  differ  greatly; 
i.e.,  for  the  same  pressure  drop,  the  maximum  wind  varies 
inversely  with  R  and  changes  in  these  two  parameters 


'  The  mean  ot  several  pressure  drops  about  the  storm,  measured  from  the  storm  center 
to  a  point  on  an  isobar  where  it  begins  to  curve  anticyclonically. 

3  For  moderate  changes  in  latitude  (when  latitude  is  other  than  30°),  the  arguments 
do  not  change  substantially  except  for  the  ingress  or  inflow  angle.  The  storm  surge  is 
not  unduly  affected  by  changes  of  several  degrees  in  the  inflow  angle. 
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Figure  17. — Comparison  of  computed  and  observed  coastal  surges  for  hurricane  Audrey.  The  solid  line  profile  is  the  computed  surge 
corrected  for  other  than  standard  parameters  of  the  storm  and  basin.  The  numbers  distributed  about  the  land  and  coastal  areas 
are  observed  high  water  crests  from  recording  tide  gages  (uncorrected  for  astronomical  tide). 
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Figure  18. — Comparison  of  computed  and  observed  coastal  surges  for  hurricane  Carla. 
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oppose  each  other  in  computed  surge  generation.  The 
natural  storm  had  an  average  speed  of  about  7  m.p.h.; 
however,  near  landfall  the  speed  increased  to  about  10 
m.p.h. 

Figure  18  compares  the  computed  coastal  surge  profile 
at  time  of  maximum  surge  with  observed  high  crest 
values  from  tide  gages.  The  high  crest  in  Corpus  Christi 
Bay  occurred  about  6  hr.  before  landfall;  at  time  of 
landfall  the  tides  were  much  lower.  Just  north  of 
Matagorda  Bay,  high  water  marks  between  15  and  22  ft. 
were  measured  by  the  U.S.  Army  Corps  of  Engineers 
(Harris  [6]). 

Miyazaki  [12]  computed  the  surge  of  Carla  using  finite 
difference  techniques  that  were  very  extensive  and  com- 
plete, with  bottom  stress,  zig-zag  boundaries,  etc.  He 
used  driving  forces  at  each  time  step  that  were  interpolated 
polynomially  from  weather  maps ;  his  storm  had  maximum 
winds  up  to  100  m.p.h.  and  radius  of  maximum  winds  as 
large  as  50  mi.  The  computed  surges  agreed  very  well 
with  tide  gages  (corrected  for  astronomical  tide)  except 
for  Port  O'Connor  (located  near  landfall  of  the  storm); 
his  highest  surge  values  obtained  were  9  ft.  between 
landfall  and  Galveston.  The  peak  surge  of  figure  18 
did  not  appear  in  his  computations. 

In  these  tests  of  the  model,  it  should  be  emphasized 
that  inundation  of  the  coastal  areas  is  not  considered; 
the  boundary  used  in  the  computations  is  a  rigid  vertical 
wall.  Tliis  means  that  for  low-lying  coastal  areas  prone 
to  inundation,  the  model  gives  excessive  surge  heights 
because  of  reflection  of  the  surge  on  the  inserted  vertical 
wall. 

7.  SUMMARY  AND  CONCLUSIONS 

The  numerical  model  without  bottom  friction  is  useful 
for  computing  short-duration  transient  coastal  surges 
when  generated  by  moderate  or  fast  moving  storms 
which  do  not  travel  parallel  to  the  coast.  For  these 
storms  test  computations  showed  that  the  coastal  surge 
is  not  sensitive  to  any  bottom  friction  law,  nor  to  initial 
placement  of  the  storm,  even  when  this  is  at  large  distances 
from  landfall.  The  model  storms  were  generally  placed 
in  the  basin  so  that  landfall  occurred  at  least  5  hr.  after 
start  of  computations,  excepting  slowly  moving  storms 
which  were  placed  at  least  beyond  the  continental  shelf. 

The  numerical  model  is  not  designed  to  handle  storms 
having  long  duration  on  the  continental  shelf  since  the 
absence  of  a  dissipating  mechanism  allows  enormous 
transports  to  form  eventually  near  the  coast.  For  sta- 
tionary or  very  slowly  moving  storms,  the  model  generates 
shelf  seiches  of  significant  amplitudes,  and  the  more  so 
for  model  storms  of  large  areal  extent.  For  this  reason 
only  storms  with  speeds  greater  than  10  m.p.h.  were 
considered  in  this  study  so  as  to  allow  initial  placement 
at  least  beyond  the  continental  shelf,  and  avoid  the  form- 
ing of  enormous  transports. 

Computations  made  for  storms  traveling  parallel  or 
nearly  parallel  along  the  coast  developed  a  lype  of  re- 


surgent edge  wave  that  formed  behind  the  storm  track. 
The  amplitude  and  wavelengths  of  these  resurgences 
were  dependent  on  the  storm's  speed,  with  very  large 
amplitudes  forming  for  fast  moving  storms  in  the  absence 
of  a  dissipating  mechanism.  Therefore,  storms  crossing 
the  coast  with  an  angle  greater  than  30°  only  were  con- 
sidered as  the  elapsed  time  before  landfall  was  then  in- 
sufficient for  large-amplitude  resurgences  to  form. 

Many  features  of  the  numerically  computed  storm 
surge  bear  out  the  empirical  conclusions  of  Conner, 
Kraft,  and  Harris  [1],  and  Harris  [5].  In  these  studies  a 
correlation  was  found  between  the  peak  surge  and  pressure 
drop  of  a  storm,  with  no  discernable  correlation  with  the 
radius  of  maximum  winds.  The  present  study  agrees  with 
this  providing  the  basin  used  is  the  same  as  that  in  the 
above  studies  and  the  storms  travel  with  the  same  velocity. 
The  changes  in  depth  off  the  coast  are  found  to  be  more 
significant  in  this  report  than  in  that  by  Harris  [5]. 

By  the  methods  of  this  study  it  is  possible  to  construct 
a  computed  coastal  storm  surge  profile  when  certain  fixed 
parameters  are  specified.  In  spite  of  the  idealizations  in 
the  numerical  model  (which  consist  of  a  straight-line 
coast,  lack  of  bottom  friction,  simple  wind  stress  law,  and 
a  storm  model  invariant  in  strength  and  traveling  with 
uniform  rectilinear  velocity),  this  profile  is  of  qualitative 
value  in  the  understanding  and  forecasting  of  storm  surges. 

APPENDIX  1. -TROPICAL  STORM  MODELS 
STATIONARY  STORM 

To  develop  a  tropical  storm  model  for  application  with 
the  numerical  storm  surge  model,  which  gives  pressure 
drop,  pressure  gradient,  and  inflow  angle,  the  method  of 
mnd  trajectories  at  anemometer  level  was  used.  The 
equations  of  motion  for  this  stationary  storm  model  are 
given  by  Myers  and  Malkin  [14]  as, 


1  dp_  k,v^        dv 
Pa  dr     sin  0        dr 


1^ 


cos  (t>- 


-fv-\ —  cos  <t>- 
r 


£)0 


!'^  ^  sin  d)+k„v'^- 
dr 


(Al) 


(A2) 


Consider  a  symmetric  wind  field  about  the  storm's  center 
with  maximmn  wind  Vg  at  distance  R  from  the  center. 
Let  it  be  assiuned  that  the  wind  speed  v  at  distance  /• 
from  the  center  is, 

2VnRr 


v= 


R'+r' 


(A3) 


This  wind  function  was  an  arbitrary  choice  to  form  a 
simple  algebraic  formidation  of  the  wind  speed.  It  is  a 
highly  idealized  assumption  and  presupposes  an  average 
steady  wind  at  any  point  from  the  storm's  center. 

If  the  pressure  gradient  is  eliminated  from  (Al)  and 
(A2),  the  resultant  nonlinear  ordinary  differential  equa- 
tion of  first  order  can  be  solved  for  <t>  by  numerical  tech- 
niques such  as  the  Runge-Kutta  method.     It  was  deter- 


June  1966 


Chester  P.  Jelesnianski 


391 


mined  from  separate  computations  that  changes  in  cj)  of 
several  degrees  for  the  entire  storm  do  not  affect  the 
coastal  storm  surge  significantly.  Consequently  in  this 
study,  the  simple  Newton-Raphson  method  was  used  to 
solve  the  equation  with  d(j)/dr  replaced,  at  first  with  zero, 
then  with  derivatives  obtained  from  the  preceding  solu- 
tions. This  iteration  scheme  was  carried  through  only 
once  since  the  next  few  iterations  did  not  in  general  change 
significantly  and  for  higher  order  iterations  the  solution 
became  erratic  as  a  result  of  round-off  errors.* 

At  large  distances  from  the  storm's  center,  the  wind, 
pressure  gradient,  and  inflow  angle  have  only  a  minor 
effect  on  the  coastal  storm  surge.  For  this  reason,  and 
as  a  great  convenience  in' computations,  it  was  assumed 
that 

0|r>lOO^<Alr  =  lOO- 

For  the  region  0<r<^R,  it  may  be  too  drastic  to  assume 
constant  friction  coefficients  in  the  core  of  the  storm.  For 
practical  considerations,  it  was  assumed  that  the  inflow 
angle  is  zero  at  the  center  of  the  storm  and  was  deter- 
mined in  this  region  by, 


4>=ar^+br'^ 


(A4) 


where  a  and  b  are  determined  from  known  values  of  0 
and  d4>/dr  at  r  =  R. 

Equation  (Al)  now  readily  determines  the  pressure 
gradient  for  a  storm  with  circularly  symmetric  pressure 
profiles  for  r>R;  however,  for  r<R  where  the  friction 
force  is  unknown,  a  different  technique  was  used.  Schloe- 
mer  [19]  gives  a  general  relation  for  pressure  as, 


y—Vo 


=  e 


-KR/r 


(A5) 


where  i^  is  a  fixed  parameter  for  each  individual  storm;  in 
this  study  K=l.  One  could  determine  a  pressure  gradi- 
ent from  (A5),  but  it  would  not  be  continuous  with  (Al) 
at  r—R;  therefore,  continuity  is  forced  by  the  following 
procedure.  Equations  (Al),  (A3),  and  (A5)  at  r=R  give 
a  pressure  drop  of. 


(A6) 


If  this  is  substituted  in  an  equation  of  type  (A4),  then  the 
derivative  gives  pressure  gradient  in  the  region  0<r<R. 

Computations  with  the  present  numerical  model  require 
static  heights  on  a  deep  water  open  boundary.  Since  30 
mb.  of  pressure  is  almost  1  ft.  of  static  height,  only  gross 
approximations  for  pressure  drop  are  required.  To  deter- 
mine the  pressure  drop  of  the  model  storm,  a  finite  central 
difference  form  operating  on  the  pressure  gradient  between 
0<r<100  mi.  and  an  integration  of  the  pressure  gradient 
for  r^lOO  mi.  were  used. 

Figure     19    represents    the    model    stationary    storm 

'  This  method  gave  results  that  always  differed  by  less  than  2°  from  a  Runge-Kutta 
method  for  storms  used  in  this  report. 


simulating  the  August  1949  storm  over  Lake  Okeechobee. 
The  values  chosen  for  the  computations  were  ^^=82 
m.p.h.,  R=22  mi.,  and  y=0.238/hr.  The  friction  coeffi- 
cients used  were  A's=0.022/mi.  and  ^„=0.02/mi.  given  by 
Myers  and  Malkin  [14].  The  computed  pressure  drop  is 
62  mb. ;  the  average  observed  pressure  drop  given  by 
Schloemer  [19]  is  60  mb.  The  observed  profiles  given  in 
figure  19  are  averaged  profile  observations  from  scatter 
diagrams. 

The  friction  coefficients  for  an  enclosed  lake  are  believed 
to  be  too  high  for  storms  in  the  open  ocean.  An  investi- 
gation of  hurricane  Helene  (Schauss  [18])  gave  open  ocean 
friction  coefficients  of  ks,  k„=0.009,  0.007/n.  mi.  Figure 
20  represents  the  model  stationary  storm  simulating  this 
storm.  The  observed  profiles  (right  front  quadrant)  are 
averaged  profiles  from  scatter  diagrams  of  ship  reports, 
winds  determined  from  tracking  small  precipitation  areas 
by  radar,  etc.  The  parameters  chosen  for  computation 
were  y„=106  m.p.h.,  R=26  mi.,  and  /=0.278/hr. 

It  was  determined  by  separate  computations  that  large 
changes  in  fixed  values  of  the  friction  coefficients  resulted 
in  only  small  changes  in  the  coastal  storm  surges,  provided 
the  inflow  angle  does  not  become  large.  Hence,  a  wide 
latitude  of  values  for  the  friction  coefficients  is  permissible 
in  the  storm  surge  numerical  computations.  The  question 
arises  how  to  choose  these  coefficients.  Choosing  the 
same  fixed  values,  say  those  for  hurricane  Helene,  for  all 
storms  would  not  be  appropriate  since  large  and  erratic 
inflow  angles  result  with  storms  having  large  Vg  and 
small  R. 

It  was  decided  to  constrain  the  ingress  angle  to  prevent 
any  large  angles  in  the  storm  region  and  also  to  prevent 
the  occurrence  of  zero  angle  at  any  r>R.  To  this  end, 
after  several  empirical  trials,  the  following  friction  coeffi- 
cients were  designed, 

L.3F«+6oJ    '  ^"=^°"'L.4F«-f8oJ 


yt.,=lO-^ 


=0.867^, 


.3Fb+60J     '   ''"     ^"     L-4F«-f80 

These  forms  maintain  Schauss'  values  approximately  for 
storms  of  Helene's  size  and  have  non-erratic  inflow  angles 
for  all  storms  with  R  greater  than  5  mi. 

The  friction  coefficients  above  are  not  to  be  confused 
with  the  wind  stress  constant  (equation  (2)  in  section  2). 
To  put  the  coefficients  in  the  form  of  the  wind  stress 
constant,  it  would  be  necessary  to  integrate  equations 
(Al),  (A2)  in  the  vertical  through  the  depth  of  the  inflow 
layer  (Malkus  and  Riehl  [11],  Riehl  [17]).  The  above 
forms  are  another  way  of  saying  that  the  inflow  layer,  and 
the  inflow  angle  in  the  layer,  differ  for  different  storms. 

Figure  21  is  a  nomogram,  for  latitude  30°,  relating 
ip^—po),  ks,  and  (t>\r=m  miies  against  maximum  winds 
(stationary  storm)  and  the  radius  of  maximum  winds. 
The  nomogram  demonstrates  some  very  useful  properties 
of  the  storm  model.  For  constant  R,  the  pressure  drop 
varies  approximately  as  the  square  of  Vg]  since  the  wind 
stress  also  varies  approximately  with  the  square  of  Vs, 
then  computations  with  the  numerical  model  need  be 
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Figure  19. — Observed  and  computed 
wind,  pressure,  and  inflow  angle 
profiles  for  the  August  1949  storm 
over  Lake  Okeechobee,  Fla.  The 
observed  profiles  are  averaged  from 
scatter  diagrams  (Myers  and  Mal- 
kin  [14]). 
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Figure  20. — Observed  and  computed 
wind,  pressure,  and  inflow  angle 
profiles  for  hurricane  Helene,  Sep- 
tember 1958,  right  front  quadrant. 
The  observed  profiles  are  averaged 
from  scatter  diagrams  (Schauss 
[18]). 


performed  with  only  one  standard  V r  (100  m.p.h.  in  this 
report) .  For  a  constant  pressure  drop,  V r  varies  inversely 
with  R;  these  two  varying  parameters  oppose  each  other 
in  storm  surge  generation,  consequently  the  surge  is  almost 
conservative  for  a  constant  pressure  drop.  This  is  an 
extremely  fortuitous  property  since  only  the  pressure  drop 
can  be  measured  in  nature  with  useful  accuracy;  one  can 


then  choose  any  reasonable  R  in  the  storm  model  to  arrive 
at  approximately  the  same  peak  surge  on  the  coast.     - 

MOVING  STORM 

A  moving  storm  generally  has  an  asymmetric  wind 
field  about  the  storm's  center  with  stronger  winds  to  the 
right  (observer  facing  direction  of  storm  motion).     It  was 
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Figure  21. — A  nomogram  relating  parameters  of  the  model  storm. 


shown  that  an  asymmetric  wind  field  has  some  significance 
in  generating  the  coastal  storm  surge  (Jelesnianski  [8]). 
In  this  study  the  stationary  storm  wind  field  vectors  were 
altered  by  adding  a  vector  derived  from  storm  motion; 
the  pressure  field  was  not  altered.  Simphcity  and  con- 
venience are  the  guiding  themes  for  computing  the 
effects  of  a  moving  storm,  since  the  stationary  storm 
wind  field  is  considerably  more  effective  than  the  pressure 
gradient  or  the  added  modification  of  an  asymmetric 
wind   field   in   governing   the   storm   surge    (Jelesnianski 

[8]). 

In  this  study  the  vector  Usm  added  to  the  stationary 
storm  wind  vector  for  a  gross  correction  for  storm  motion 
U,s  is, 

Only  storms  moving  with  uniform  rectilinear  motion 
are  considered.  Figure  22  illustrates  the  wind  field  for 
the  August  1949  storm,  if  it  were  moving  at  30  m.p.h., 
when  computed  by  the  methods  of  this  study. 

The  wind  stress  used  in  the  numerical  storm  surge 
model  is. 


P 


=^  \y+UsM\{y+[is^f)'- 


(AS) 


where 


A= 


U. 


Us 


^  cos  ■J'-sin  (0+0);  B=^  sin  $+cos  (0+0) 

In  the  numerical  model,  sin  4>,  cos  0,  static  heights,  and 
pressure  gradient  at  1-mi.  intervals  from  the  storm 
center  are  stored  in  memory.  The  stored  items  could 
have  an  error  in  position  as  great  as  3^  mi. ;  the  resulting 
storm  surge  error  in  the  computations  is  miniscule. 

APPENDIX  2.-SHELF  SEICHES 

A  shelf  seiche  is  a  standing  shelf  oscillation.  For  a 
constant  depth,  nonrotating  basin  closed  at  both  ends, 
the  fundamental  period  of  the  standing  wave  or  seiche  is 
given  by  "Merian's  formula," 

T=2LI^[^ 

where  L  is  the  length  of  the  basin.     If  the  basin  is  open  at 
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Figure  22. — The  computed  wind  speed,  in  miles  per  liour,  of  a 
uniform  rectilinear  moving  model  storm. 


one  end  (a  shelf)  and  the  first  node  of  the  standing  wave 
is  located  at  the  open  end  then, 

For  the  idealized  basin  used  in  this  study,  the  mean  depth 
of  the  basin  is  about  115  ft.  and  L=56  mi.  T  in  this  case 
is  about  5.4  hr.  and  in  fair  agreement  with  the  numercially 
computed  periods  from  figures  3  a-b  (about  5.1  hr.).  The 
static  height  on  the  deep  water  open  boundary  is  in- 
variant with  time  for  a  stationary  storm,  consequently 
node  conditions  prevail  on  the  open  boundary  of  the  shelf. 
Reid  [16],  arrived  at  a  shelf  seiche  period  for  a  linear 
sloping  depth  basin  of, 


J, 


g  sm  /3 


=  0 


where  Jo  is  a  Bessel  function  of  the  first  kind  and  order 
zero.  Lamb  [10]  arrives  at  the  same  function,  with/=0, 
for  a  nonrotating  sloping  depth  basin.  If  the  first  zero  of 
this  function  is  taken  as  a  node  at  the  open  end  of  the 
basm,  /"=0.73X10-^  and  sin/3=200  ft./56  mi.,  then  T  is 
about  5.3  hr. 
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SUMMARY 

The  increasing  use  of  small,  light-weight  gravity  corers  equipped  with  free-fall 
devices,  has  raised  the  question  of  applicability  of  the  optimum  free-fall  distance 
criteria  originally  established  for  large,  heavy  corers.  Measurements  have  been  made 
of  the  free-fall  velocities  of  several  devices  representative  of  the  class  of  small  corers. 
These  data  indicate  an  optimum  free-fall  setting  of  2-3  m,  with  general  caution 
indicated  on  the  minimum  setting  and  specific  caution  indicated  on  the  maximum 
for  corers  not  fitted  with  stabilizing  fins. 


INTRODUCTION 

The  general  type  and  utilization  of  bottom  coring  devices  has  undergone  a  change 
in  recent  years.  As  oceanographic  field  work  has  evolved  from  the  "expedition"  to 
the  "survey"  or  "experiment",  the  interest  of  marine  geologists  has  been  directed 
more  actively  toward  study  of  contemporary  environments  of  sedimentation  and 
toward  active  sedimentary  processes.  Although  cores  of  great  length  from  relatively 
inaccessibe  parts  of  the  world  still  provide  basic  information  required  by  the 
marine  geologist,  there  is  an  increasing  emphasis  on  collecting  a  larger  number  of 
cores  from  more  limited  areas.  This  evolution  of  sample  requirement  has  led  to  the 
development  of  a  class  of  coring  devices  which  is  generally  much  smaller  and  lighter 
than  formerly,  which  is  used  with  a  free-fall  release  device  (Hvorslev  and  Stetson, 
1946),  and  which  is  used  principally  because  they  require  much  less  "time  per  sample" 
than  the  older  devices. 

Utilization  of  these  corers  still  involves  the  principal  questions  that  face  the 
marine  geologist  regardless  of  what  type  of  bottom  sampling  he  is  dealing  with. 
These  concern  the  uncertainty  and  lack  of  real  knowledge  about  the  behavior  of  the 
coring  device  during  the  sampling  process.  Several  specific  questions  relevant  to  this 
problem  involve:  what  is  the  velocity  of  the  corer  as  it  it  strikes  the  bottom  ?  What  is 
the  optimum  free-fall  distance  when  a  free-fall  device  is  used?  What  is  the  degree 
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of  vertical  stability  at  impact  for  the  free-fall  distance  used  ?  In  general,  guidelines 
have  been  drawn  from  personal  experience,  local  tradition,  and  from  several  earlier 
works  (HvoRSLEV  and  Stetson,  1946;  Kullenberg,  1947,  1955;  Hvorslev,  1949) 
which  were  principally  concerned  with  coring  devices  that  are  much  heavier  and 
larger  than  the  class  of  "light-weight  corers"  under  consideration  here. 

In  order  to  evaluate  the  applicability  of  existing  guidelines  to  the  class  of  light- 
weight corers,  a  series  of  tests  was  conducted  at  the  U.  S.  Naval  Ordnance  Laboratory 
Test  Tank  Facility.  Three  of  the  more  generally  available  light-weight  gravity  corers 
were  used  in  the  tests  (Fig.  1,  Table  I),  and  these  are  considered  to  be  representative 
of  the  range  of  sizes  and  weights  of  the  many  varieties  of  light-weight  corers  now  in 
use.  The  tests  consisted  of  dropping  each  corer  several  times  over  a  series  of  known 
free-fall  distances,  measuring  the  time  required  to  fall  the  distance,  and  observing 
through  viewing  ports  in  the  sides  of  the  test  tank  the  behavior  of  the  corer  during 
the  drop.  The  corers  were  dropped  at  the  center  of  the  tank,  which  has  a  radius  of 
about  10  m  and  a  total  possible  free-fall  distance  of  about  30  m.  For  the  experiment 
being  conducted,  the  boundary  effects  due  to  tank  configuration,  and  the  fact  that 
fresh  water  was  used,  are  not  considered  significant. 


^i 


f     ^ 


^F 


CORER   I 


CORER   n 


CORER    m 


Fig.  1 .  Relative  sizes  of  coring  devices  used  in  the  experiment. 
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FREE-FALL  OF  SMALL  GRAVITY  CORERS 
TABLE  I 

DIMENSIONS  OF  CORING  DEVICES  USED  IN  THE  TESTS 


Corer     I:    Inside  core  diameter:  3.8  cm 
Mass:  25.4  kg 

Diameter  of  weights :  about  15  cm 
Core  barrel  length:  35  cm 
Mean  density:  about  10  g/cm^ 
Equipped  with  stabilizing  fins 
Manufactured  by:  D.  Ballauf,  Washington,  D.  C. 

Corer  II:    Inside  core  diameter:  3.8  cm 
Mass:  53.9  kg 

Diameter  of  weights:  about  15  cm 
Core  barrel  length:  90  cm 
Mean  density:  about  10  g/cm^ 
Not  fitted  with  stabilizing  fins 
Manifactured  by:  Alpine  Geophysical  Corp.,  Norwood,  N.  J. 

Corer  III:    Inside  core  diameter:  8.1  cm 
Mass:  49.8  kg 

Diameter  of  weights:  about  30  cm 
Core  barrel  length:  245  cm 
Mean  density:  about  6  g/cm^ 
Equipped  with  stabilizing  shroud 
Furnished  by  U.  S.  Naval  Oceanographic  OflSce^ 

1  After  Richards  and  Keller  (1961). 


Fig. 2  is  a  schematic  representation  of  the  mechanism  used  to  control  the  free-fall 
distance  and  to  measure  the  time  for  the  fall.  Each  drop  involved  suspending  the 
corer  below  the  water  surface  by  means  of  a  fixed  length  of  suspending  wire  attached 
to  a  special  fitting  (A  in  Fig. 2).  Release  of  the  fitting  started  the  timer  by  actuating 
switch  SW-1.  The  free-fall  distance  was  controlled  by  a  second  length  of  wire,  the 
free-fall  wire.  While  slack,  one  end  of  the  free-fall  wire  was  fastened  to  fitting  A 
and  the  other  end,  by  means  of  a  weak-link  connection,  to  switch  SW-2.  (The  hori- 
zontal distance  between  fitting  A  and  the  weak-link  connection  is  very  small  compared 
to  the  length  of  the  free-fall  wire.)  The  dropping  corer  took  up  slack  in  the  measured 
free-fall  wire,  causing  the  weak-link  to  part.  This  actuated  switch  SW-2,  stopped  the 
timer,  and  completed  the  measurement.  The  corer  was  then  retrieved,  re-rigged,  and 
the  procedure  was  repeated.  Results  of  the  tests  are  shown  in  Table  II. 


DISCUSSION 

Free-fall  velocities  of  the  corer s 

The  basic  data  of  Table  II  have  been  plotted  in  Fig.3,  from  which  the  principal 
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TABLE  II 

MEASURED  TIMES  FOR  FREE-FALL  OVER  FIXED  DISTANCES 


Corer 

Distance 

(cm ) 

Measured  time 
(sec  ■  70-3 j 

offall 

t 

(sec  ■  JO-3) 

^1 

1 

000 

000 

000 

000 

000 

0 

]00 

512 

485 

485 

494 

16 

200 

759 

753 

752 

755 

4 

300 

937 

936 

924 

932 

8 

400 

1121 

1117 

1112 

1117 

5 

600 

1464 

1444 

1398 

1435 

39 

800 

1735 

1730 

1727 

1731 

5 

1000 

2122 

2063 

2043 

2076 

47 

2000 

3910 

3820 

3663 

3798 

146 

II 

000 

000 

000 

000 

000 

0 

100 

460 

456 

449 

455 

6 

200 

833 

827 

826 

829 

4 

300 

997 

992 

987 

992 

6 

6002 

1458 

1425 

1397 

1427 

36 

III 

000 

000 

000 

000 

000 

0 

100 

390 

363 

351 

368 

23 

200 

903 

900 

893 

899 

6 

300 

1107 

1103 

1080 

1097 

16 

600 

1629 

1610 

1564 

1601 

38 

1000 

2245 

2219 

2187 

2217 

34 

2000 

4015 

3968 

3826 

3936 

112 

1  5  =  koj,  where  ^  =  0.591,  «  =  range  of  measured  values.  (After  Dixon  and  Massey,  1951,  p. 3 15.) 

2  Measurements  on  Corer  II  were  discontinued  at  a  600-cm  free-fall  distance  because  of  the  instability 
of  the  device  at  greater  distances. 


characteristics  of  free-fall  may  be  determined.  A  terminal  velocity,  for  each  of  the 
corers  tested,  is  attained  after  2-3  m  of  free-fall,  and  appears  to  be  about  600  cm/sec^. 
The  experimental  data  imply  that  the  existing  guidelines  for  setting  free-fall  distance 
(HvoRSLEV  and  Stetson,  1946),  and  Kullenberg's  (1955)  estimates  of  terminal 
velocities,  may  be  generalized  to  include  the  class  of  smaller,  light-weight  corers  that 
were  tested. 

An  estimate  of  the  drag  forces  associated  with  the  light-weight  corers  may  be 
made  from  the  data  obtained  during  the  tests.  From  a  general  consideration  of  the 
forces  acting  on  the  corer  during  free-fall: 


d-x 


m 


mg 


pc   -  Pw 


Cd 


Pn' 
1 


d.v 


6.fi  ■■■*  V  Pc  I  ~"\  1  l"\  dit 
where  m  is  the  mass  of  the  corer,  .y  the  distance  of  free-fall,  t  the  time  to  fall  the 
distance,  g  the  acceleration  of  gravity,  />e  and  p^^  the  densities  of  the  corer  and  the 
water  respectively,  Cd  the  drag  coefficient,  and  A  the  projected  area  of  the  corer. 
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At  terminal  velocity: 

dx  \     /  d^x         ^\ 


and: 


("dT  =  "'J'  K-dfi 

Pc   -  Pvi 


2  mg 


Cd 


pc 


Pw  A   V,2 


If  we  consider  A  to  be  approximately  the  cross-sectional  area  of  the  weights  on  the 
corer,  the  data  from  Table  I  and  a  terminal  velocity  of  600  cm/sec^  give  values  for 
Cd  of  0.7  and  0.3  for  Corers  I  and  III,  respectively.  These  are  somewhat  less  than 
values  for  circular  cylinders  with  axis  parallel  to  flow  (Rouse,  1946,  p. 249)  and  may 
reflect  some  tendency  toward  "streamlining"  caused  by  the  general  configuration 
of  the  corers  in  which  the  barrel  projects  ahead  of  the  mass  of  the  weights.  The  drag 
forces  for  Corers  I  and  III  are  62  v^  dynes  and  105  v^  dynes  respectively,  and  are  an 
order  of  magnitude  less  than  those  of  the  larger  class  discussed  by  Kullenberg 
(1955,  p.54). 

The  theoretical  velocity  of  a  free-falling  corer  may  be  expressed  as  a  function 
of  the  dimensions  of  the  corer,  its  drag  characteristics,  and  the  distance  it  has  fallen. 


WEAK    LINK 
FREE-FALL    WIRE 

SUSPENDING     WIRE 
WATER    LEVEL 

777711  I  iiiiiiiiiiiiwiiiiiiiiii  iiiiiiiiiii  iiiniin 

CORING    DEVICE 


Fig.2.  Schematic  of  the  experimental  set-up. 
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Fig.3.  Measured  time/distance  for  the  corers  tested. 


TABLE  III 

THEORETICAL  VELOCITIES  AT  SPECIFIED  VALUES  OF  FREE-FALL  DISTANCE 


Free-fall 

Velocity 

Free-fall 

Velocity 

distance 

(cm/ sec  ) 

distance 

(cm /sec) 

(cm) 

(cm) 

000 

000 

400 

593 

050 

283 

450 

607 

100 

381 

500 

618 

150 

447 

600 

633 

200 

493 

700 

644 

250 

528 

800 

650 

300 

555 

900 

655 

350 

576 

1000 

658 

20 
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If  the  drag  terms  {Co,  pwjl,  A)  are  expressed  by  the  single  term  k\ 


Ikx 


h^-1 


mg_ 
k 


Pv 


mg 
~k~ 


Pc  -  Pv 


Pc        /-I  v.   K       \        Pc 

To  keep  the  calculated  velocity  comparable  with  the  experimental  data,  the 
initial  velocity  v,-  is  assumed  to  be  zero,  although  in  field  practice  it  would  be  some 
higher  value  associated  with  the  speed  of  lowering.  For  the  general  class  of  light- 
weight corers,  representative  values  may  be  used  as  follows:  m  ~5  •  10^  g,  pc  2^ 
10  g/cm^,  p„  ^  1  g/cm^,  ^  ^  1  •  10^  g/cm^.  The  velocity,  calculated  with  these  repre- 
sentative values,  is  tabulated  in  Table  III  and  plotted  in  Fig.4,  which  also  shows  the 
velocities  for  the  specific  corers  tested.  The  latter  (Table  IV)  are  calculated  mean 
velocities  for  increments  of  free-fall  distance,  derived  from  the  observed  data  by 
considering  time  differences  for  fall  through  successive  distance  increments. 

Examination  of  Table  IV  and  Fig.4  shows  unsteady  accelerations  of  the  various 
corers.  This  is  particularly  pronounced  for  Corer  III,  which  has  a  sharp  deceleration 
during  the  second  meter  of  free-fall.  Although  decelerations  are  indicated  at  various 
other  points  for  both  Corer  I  and  III,  only  the  second  meter  deceleration  of  Corer 
III  is  significant  in  terms  of  the  variability  of  the  observed  data.  Supplementary 
statistical  tests  (not  presented  here)  indicated  that  the  free-fall  behavior  of  the  three 
corers  tested  may  be  considered  significantly  distinctive  during  the  initial  2-  to  3-m 
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TABLE  IV 

AVERAGE  VELOCITIES  OF  FALL  OVER  SUCCESSIVE  DISTANCE  INCREMENTS 

(Data  derived  from  Table  11) 


R.  E.  BURNS 
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drop  prior  to  reaching  terminal  velocity.  However,  once  terminal  velocity  has  been 
reached,  the  variations  in  the  behavior  of  the  corers  are  not  significantly  distinctive. 

The  unsteady  accelerations  of  the  corers  prior  to  reaching  terminal  velocity 
re-emphasize  the  need  for  caution  in  selecting  a  free-fall  distance.  The  3-m  setting 
proposed  by  Hvorslev  and  Stetson  (1946)  appears  to  be  a  reliable  maximum 
setting,  but  the  1-m  setting  which  Kullenberg  (1955)  found  to  be  satisfactory  for 
large  corers  may  be  unsatisfactory  for  the  class  of  small  corers  being  considered  here. 
Specifically  in  the  case  of  Corer  TTI,  the  indicated  variability  in  velocity  prior  to  a  3-m 
drop  would  result  in  inefficient  use  of  the  corer  if  the  free-fall  was  set  for  the  smaller 
distance. 

Vertical  stahilitv  of  the  corers 


Viewing  ports  in  the  side  of  the  test  tank  permitted  visual  observation  of  the  corers 
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during  the  various  drops.  These  observations  indicate  that  both  of  the  corers  equipped 
with  stabiUzing  fins  (Corers  I  and  III)  maintained  an  essentially  vertical  attitude  over 
free-fall  distances  of  as  much  as  25  m.  The  one  corer  (Corer  11)  which  is  not  fitted 
with  stabiHzing  fins  was  extremely  unstable,  and  was  observed  on  several  drops  to 
be  well  off  the  vertical  after  only  2-3  m  of  free-fall.  By  6  m  of  fall,  this  corer  was 
invariably  overturned  and  falling  with  the  weight  end  down. 


CONCLUSIONS 

Although  only  three  specific  corers  were  tested,  conclusions  may  be  reached  which 
appear  to  be  applicable  to  a  general  class  of  small  corers  which  use  a  tripping  device 
to  give  measured  free-fall,  and  are  not  so  heavy  as  to  require  elaborate  winch  and 
rigging  faciUties. 

(7)  The  optimum  free-fall  distance  is  2-3  m,  since  the  terminal  velocity  for  the 
corer  will  be  reached  by  this  distance. 

(2)  The  efficiency  of  settings  less  than  2  m  is  questionable,  since  the  corers  have 
distinctive  and  unsteady  accelerations  during  their  initial  fall  prior  to  reaching  ter- 
minal velocity. 

(3)  Settings  of  greater  than  3  m  should  be  avoided,  particularly  it  the  corer  is 
not  fitted  with  stabilizing  fins. 
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Continental  drift  is  becoming  popular  again  and 
may  have  an  importance  in  terms  of  earthquake 
prediction.  For  the  purpose  of  studying  crustal 
tectonics  of  the  earth,  one  must  either  start  with 
assumptions  of  drift  or  of  nondrift.  Drift  theory 
is  often  described  as  being  opposed  by  the  concept 
of  continental  permanency.  This  is  not  quite  ex- 
act, because  there  are  aspects  of  drift  which  in- 
volve permanency — for  example,  of  the  total 
geographic  area  of  the  earth,  if  not  of  the  con- 
figuration of  the  continents,  and  of  the  continents 
as  high  levels  and  the  ocean  basins  as  low  levels. 
To  understand  the  history  of  the  earth  with  the 
fixistic  point  of  view  (no  continental  drift),  it  is 
necessary  to  postulate  great  vertical  changes  in 
the  earth's  crust,  with  parts  of  the  continent  be- 
come ocean  floor  and  parts  of  the  ocean  floor  be- 
coming continents  ("elevator  tectonics"). 

There  is  no  unique  theory  of  continental  drift, 
but  its  proponents  generally  agree  that  the  most 
recent  drift,  commenced  in  mid-Mesozoic  time, 
about  150  million  years  ago.  They  also  agree  that 
the  Atlantic  Ocean,  the  Arctic  Ocean,  and  the 
Indian  Ocean  are  mostly  rift  basins.  Moreover, 
India,  although  now  attached  to  Asia  in  the  north- 
ern hemisphere,  is  believed  to  be  a  part  of  Gond- 
wana — the  predrift  southern  hemisphere  super- 
continent.  The  Himalayan  rampart  of  India  and 
the  Tibetan  Plateau  have  an  average  elevation  of 
4,300  m.,  and  are  the  only  places  in  the  world  of 
such  great  elevation.  The  relief  is  equivalent  to 
that  of  the  continental  slopes,  roughly  about  4,600 
m.  In  drift,  terms,  the  Tibetan  Plateau  is  two 
continents  thick  due  to  dovetailing.  Drift  theo- 
rists also  agree  that  the  fit  of  South  America  into 
Africa  is  sufficiently  good  to  mean  that  these 
continents  once  were  juxtaposed. 

For  several  decades  the  main  objection  to  drift 
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has  been  the  lack  of  a  convincing  mechanism.  In 
the  time  of  the  early  advocates,  A.  Wegener  and 
A.  L.  Du  Toit,  there  was  no  recognized  geophys- 
ical mechanism  for  drift.  They  considered  the 
continents  as  active  bodies,  somehow  moving 
through  the  earth's  mantle  by  such  forces  which 
Wegener  call  Westwandrung — flight  to  the  west — 
or  Polflucht — flight  away  from  the  poles. 

In  the  last  decade  or  so,  the  idea  of  convection 
currents  in  the  earth's  mantle  has  been  introduced. 
By  such  convection,  in  principle,  the  continents 
can  be  drifted  passively.  This  would  be  similar 
to  an  iceberg  which  is  drifted,  not  by  the  motion 
of  the  wind,  but  by  the  movement  of  the  water. 
In  terms  of  the  iceberg  analogy,  if  drift  can  be 
identified  on  a  subcontinental  scale — that  is,  the 
drift  of  a  portion  of  California  relative  to  the  rest 
of  North  America — then  there  is  no  mechanical 
objection  to  continents  drifting.  The  convection 
cell  needs  only  to  be  sufficiently  large.  An  iceberg 
will  drift  regardless  of  its  size;  there  is  no  scale 
factor.  Even  if  the  whole  of  Antarctica  were 
floating,  it  would  drift. 

The  earth's  mantle  is  presumably  a  convection 
of  some  sort.  Such  mantle  motion  may  be  the 
primum  mobile  of  geotectonics.  A  study  of  the 
ocean  floor  can  yield  important  data  on  the  mantle, 
as  in  the  ocean  floor  one  sees,  to  first  approxima- 
tion, the  earth's  mantle.  And  it  is  easier  to  look 
through  4  km.  of  water  than  through  35  km.  of 
continental  sial.  In  the  deep  ocean  floor,  we  have 
a  "Mohole,"  three-fifths  the  area  of  the  earth. 

In  terms  of  convection,  the  important  dynamic 
elements  in  geotectonics  are  the  mid-oceanic  rises 
and  the  trenches.  These  are  "living"  structures 
and  subject  to  changes.  The  mid-oceanic  ridge 
may  swell  and  later  may  subside.  A  trench  might 
grow  deeper  or  shallower  but  will  not  fill  up. 
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Walter  Sproll  and  I  are  attempting  to  recon- 
struct the  southern  hemisphere  continents  into  the 
supercontinent  of  Gondwana,  as  it  would  have 
existed  prior  to  its  Mesozoic  breakup.  About  20 
different  constructions  have  been  attempted  by 
various  people.  Our  reconstruction  will  be  based 
on  the  morphologic  fit  of  the  2,000-m.  isobath  near 
the  base  of  the  continental  slope.  Our  results  thus 
far  reveal  a  reconstruction  somewhat  different 
from  that  of  others.  By  our  method  there  are 
missing  pieces  where  some  "microcontinents"  are 
needed  to  complete  the  jigsaw  fit.  These  micro- 
continents  are  presumably  sialic  blocks  which 
presently  are  beneath  the  oceanic  waves. 

The  orocline  analysis  of  S.  W.  Carey,  presented 
in  Continental  Drift:  a  Symposium,  University 
of  Tasmania,  Hobart,  Australia,  1958,  seems  pos- 
sibly useful  for  understanding  the  Good  Friday 
1964  earthquake  in  Alaska,  suggests  that  North 
America  may  be  rotating  with  respect  to  a  point 
in  east-central  Alaska.  Carey  suggested  that 
North  America  has  rotated  28°,  and  that  this  oper- 
ation has  opened  up  both  the  Arctic  and  the  North 
Atlantic  basins.  Tliis  concept  also  would  explain 
why  North  America  has  not  bumped  into  Siberia 
during  its  westward  drift.  Tlie  Good  Friday 
Alaskan  earthquake  possibly  may  fit  into  this 
scheme  because  it  lies  within  the  "vice"  of  this 
rotation.  So  there  is  some  justification  for  taking 
a  whole  view  of  the  earth  and  looking  outside  the 
immediate  area  of  interest  for  understanding  of 
earthquakes. 

A  fit  of  all  of  the  continents  into  the  universal 
continent  of  Pangaea,  as  made  by  E.  Bullard,  J.  E. 
Everett,  and  A.  G.  Smith  at  the  University  of 
Cambridge  in  England,  was  reported  in  A  Sympo- 
sium on  Continental  Drift,  Phil.  Traiu.  Roy  Soc, 
No.  1088,  1965.  Our  own  work  has  led  us  to  reject 
the  fit  of  Africa  into  North  America,  and  so  not 
to  believe  in  Pangaea.  On  the  other  hand,  our 
work  suggests  that  in  Paleozoic  time  there  was  not. 
a  single  universal  of  Pangaea,  but  two  northern 
and  southern  hemisphere  supercontinents — 
Laurasia  and  Gondwana. 

Among  the  drifters  there  is,  of  course,  no  single 
theory  of  continental  drift — each  has  his  own  ver- 
sion. They  do  enjoy  the  common  bond  of  shifting 
continents  horizontally  about,  but  exactly  what 
has  moved,  when,  and  to  where?  Many  solutions 
have  been  offered  for  the  jigsaw  puzzle  of  drift. 


One  aspect,  however,  common  to  all  drift  theories, 
is  that  South  America  and  Africa  must  have 
juxtaposed  about  150  million  years  ago — in  early 
Jurassic  time.  The  well-known  fit  of  the  bulge 
of  South  America  into  the  re-entrant  of  Africa, 
apparent  on  any  globe,  is  too  obvious  to  ignore. 

The  suggestion  of  South  America  and  Africa 
splitting  apart  is  of  considerable  vintage.  As  early 
as  1859,  A.  Snider  in  France  sketched  it  in  his 
treatise,  La  Creation  et  ses  Mysteres  Devoiles.  In 
1912,  Alfred  Wegener  wrote,  "The  first  notion  of 
the  displacement  of  continents  came  to  me  in  1910 
when,  on  studying  the  map  of  the  world,  I  was 
impressed  by  the  congruency  of  both  sides  of  the 
Atlantic  coasts." 

For  many  decades  the  drifters  were  chided  for 
accepting  "this  subjective  impression  of  a  fit," 
grained  from  inaccurate  sketch  maps,  as  being 
anything  except  fortuitous.  In  England,  Sir 
Harold  Jeffreys  dismissed  it  with  the  remark,  "A 
moment's  inspection  of  the  globe  will  show  that 
there  is  actually  a  misfit  between  Africa  and  South 
America  of  15  degrees."  Wegener  and  Du  Toit, 
on  their  part,  argued  that  even  a  very  rough  fit 
supported  drift,  as  one  could  hardly  expect  that 
continental  outlines  would  remain  unchanged  for 
a  couple  of  hundred  million  years,  considering 
the  vicissitudes  of  geologic  history.  Wegener 
erroneously  supposed  that  the  seamounts  of  the 
Atlantic  were  residual  bits  of  continental  debris, 
only  surficially  covered  with  volcanic  effusions. 
He  supposed,  too,  that  the  mid-Atlantic  Eidge 
was  a  remanent  continental  mass,  the  cicatrix 
from  which  the  continent  departed. 

Rather  remarkably  this  fit  has  been  carefully 
tested  only  recently,  with  translations  being  per- 
formed with  the  proper  cartographic  control  and 
with  the  true  continental  edges  fitted.  The  true 
continental  edge  is  not  the  shoreline,  nor  even  the 
edge  of  the  continental  shelf ;  rather,  it  turns  out 
to  be  the  1,000-fm.  isobath  on  the  continental  slope. 
The  proper  matching  of  Africa  and  South  Amer- 
ica has  produced  a  remarkable  result ;  they  fit  with 
precision  far  beyond  any  previous  expectation ! 

While  Wegener's  remark  that  Africa  and  South 
America  fit  like  the  torn  edges  of  a  newspaper 
remains  an  exaggeration,  the  overlap  or  underlap 
on  the  best  fit  is  rarely  more  tlian  several  tens  of 
km.  Not  only  is  there  a  general  fit  of  the  bulge 
of  South  America  into  the  recess  in  Africa,  but  the 
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various  bumps  fit,  and  the  bumps  on  the  bumps 
too.  There  seems  to  be  no  interpretation,  other 
than  drift,  to  explain  this.  At  least,  the  anti- 
drifters  have  been  caught  speechless  (or  rather, 
wordless)  on  the  subject  for  several  years  now, 
preferring  to  ignore  the  whole  subject  as  though 
it  were  a  bad  dream. 

Actually,  there  is  one  large  bump  on  Africa  for 
which  there  is  no  re-entrant  in  South  America. 
The  Niger  delta  bulges  into  the  bights  of  Benin 
and  Biafra.  It  is  an  active  delta  receiving  great 
amounts  of  sediment  from  the  Niger  River.  Ob- 
viously, it  is  a  recent  geologic  addition  to  the  mar- 
ginal outline  of  Africa.  It  only  tends  to  confirm 
that  the  overall  fit  is  meaningful. 

We  must  agree  with  Professor  Chester  Long- 
well's  succinct  remark  that,  "If  the  fit  between 
South  America  and  Africa  is  not  genetic,  surely 
it  is  a  device  of  Satan  for  our  frustration." 

It  is  usually  said  that  the  scientist  accepts  any 
new  theory  only  after  weighing  all  of  the  facts. 
This  may  be  true  for  the  scientific  community  col- 
lectively, but  hardly  so  for  each  individual.  The 
facts  and  alleged  facts  are  so  many  and  so  diverse 
that,  even  if  it  were  possible  to  assimilate  them 
all,  one  still  would  not  be  able  to  fairly  evaluate 
them  in  fields  other  than  his  own.  Accordingly, 
my  acceptance  of  drift,  is  based  upon  broad  and 
philosophic  aspects  of  the  problem,  such  as  those 
already  covered,  plus  the  conviction  that  drift 
finds  detailed  support  in  the  evidence  of  my  par- 
ticular specialty — marine  geology. 

Marine  geology  is  a  new  science.  Almost 
everything  we  now  know  about  the  sea  floor  has 
been  gleaned  since  World  War  II.  The  new 
findings  may  be  characterized  as  mostly  surprises. 
But  surprises  can  only  happen  to  those  who  hold 
preconceived  notions  as  to  how  things  should  be. 
Thus,  the  whole  classical  model  of  fixed  and 
ancient  ocean  basins  has  become  suspect.  If  we 
alter  this  standard  model  to  renewal  of  ocean 
basins  by  drifting  continents,  we  find  that  these 
unexpected  findings  are  no  longer  surprises. 
They  are  ones  which  we  would  have  anticipated. 

Let  us  consider  the  iceberg  analogy,  because  if 
continents  have  drifted,  they  must  do  so  like  ice- 
bergs. It  seems  to  me  that  over  the  past  few 
decades,  the  continents  have  indeed  proven  to  re- 
semble icebergs  ever  more  exactly.  They  are 
literally  light  tabular  bodies  of  rock,  buoyantly 


resting  in  the  earth's  dense  mantle.  Their  relief 
above  the  deep  ocean  floor  is  simply  a  matter  of 
their  buoyancy.  The  reality  of  the  Mohorovicic 
discontinuity,  about  30  km.  down  beneath  the  con- 
tinental plates,  has  been  amply  demonstrated;  so 
the  continents  do  have  sharp  lower  boundaries 
rather  than  being  deeply  rooted.  The  continents 
also  have  abrupt  peripheral  margins — the  conti- 
nental slopes.  Along  many  continental  margins, 
as  around  the  Atlantic,  these  edges  are  "raw"; 
structures  like  folded  mountains  extend  to  the  con- 
tinent's edge  and  then  rudely  cut  off  as  though 
broken  away. 

This  is  suggestive  of  continental  drift,  but  by 
no  means  proves  it.  Could  not  the  missing  moun- 
tain ranges  have  foundered  to  oceanic  depth? 
This  is  unlikely,  for  there  is  no  known  natural 
force  which  can  force  down  a  great  block  of  low- 
density  rock  into  denser  substratum — sinking  an 
iceberg — so  to  speak.  Also  marine  geophysical 
explorations  have  revealed  no  submerged  block  of 
continental  rocks  on  the  sea  floor  off  these 
truncated  mountain  ranges.  The  alternative  ex- 
planation that  this  continental  rock  has  somehow 
been  converted  to  mantle  substance  is  equally  un- 
attractive for  reasons  too  complex  to  warrant  dis- 
cussion at  this  time.  In  the  light  of  present-day 
geophysical  techniques,  we  can  no  longer  give  the 
"deep  six"  to  mountain  ranges  and  exempt  them  to 
beyond  the  limits  of  scientific  inquiry. 

Let  us  turn  to  another  question.  Even  admit- 
ting continents  are  floating  like  icebergs,  could 
they  not  be  held  fixed  in  position  as  in  a  frozen 
sea  ?  Actually,  this  was  formerly  supposed  to  be 
true.  It  was  held  that,  at  least,  some  ocean  basins 
were  underlain  by  a  thin  plate  of  granitic  rock — 
the  "ice"  or  sial  of  which  continents  are  made. 
We  now  know  that  no  such  suboceanic  sialic  liner 
exists  anywhere ;  the  oceanic  crust  is  of  an  entirely 
different  makeup.  In  fact,  the  deep-ocean  floor 
may  be  reasonably  considered  as  exposed  mantle 
rock,  or  sim/i,  covered  by  only  a  thin  rind  of  sedi- 
ment-coated hydrated  mantle  rock.  So  it  seems 
that  continents  are  not  positioned  in  a  frozen  sea. 
If  they  were,  drift  would  be  immediately  un- 
tenable; the  absence  of  any  sialic  lining  is  con- 
sistent with  continental  drift. 

If  drift  has  occurred,  the  evidence  from  the 
land  geology  of  the  southern  continents  very 
clearly  places  the  breakup  as  beginning  the  mid- 
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Mesozoic  time,  or  about  150  million  years  ago. 
Evidence  from  the  sediments  of  the  deep-sea  floor 
is  entirely  consistent  with  this  timing  for  two  rea- 
sons. Firstly,  the  thickness  of  deej^-sea  sediments 
is  only  about  one-tenth  that  to  be  expected  if  the 
ocean  basins  were  as  old  as  the  earth.  The  mid- 
Mesozoic  timing  of  continental  breakup  is  quite  in 
keeping  with  the  small  amount  of  sediments  we 
find  coating  the  deep-ocean  floor.  Secondly, 
although  extensive  dredging  and  sampling  has 
been  done,  no  one  as  yet  recovered  any  fossils  from 
the  deep-ocean  floor  older  than  late  Mesozoic.  So 
the  evidence  on  the  age  of  sea-floor  sediments  is 
also  in  accord  with  continental  drift. 

Considering  continents  as  icebergs  seems  to  be 
a  useful  and  proper  analogy  even  to  the  extreme 
of  having  undergone  en  hloc  drift.  We  should 
note,  however,  that  the  iceberg  analogy  does  break 
down  in  two  respects.  Unlike  icebergs,  the  con- 
tinents are  not  significantly  more  rigid  than  the 
mantle  in  which  they  float.  And  unlike  icebergs, 
the  continents  are  not  simply  a  phase  change  of 
mantle  rock.  Sial  cannot  be  converted  back  into 
sima  like  ice  into  water.  There  is  every  reason 
to  believe  that  sial,  once  present  on  the  earth's  sur- 
face, cannot  be  again  "digested"  by  the  mantle. 
However,  any  exi:)Osition  of  this  argument  would 
require  an  extensive  diversion  into  the  field  of 
petrology. 

Another  marine  geologic  argument  favoring 
drift  stems  from  the  abrupt  continental  slopes,  3 
to  5  km.  high,  which  limit  the  continents  all 
around  the  world.  We  are  inclined  to  accept  this 
as  usual,  not  to  wonder  why.  But  must  there  not 
be  some  fundamental  meaning  to  continental 
slopes  being  so  steep,  so  straight,  and  so  rugged 
like  the  front  of  a  young  mountain  ?  These  are  all 
aspects  of  youth,  in  the  geologist's  lingo.  The 
continental  slopes  cannot  be  original  features  of 


the  earth,  as  old  as  the  ocean  basins,  for  then  they 
would  be  old  age  or  decayed  slopes  tapering  into 
the  ocean  basins.  So  these  slopes,  like  the  sea 
floor  itself,  seem  to  be  young.  This  again  is  con- 
sonant with  the  thesis  of  mid-Mesozoic  drift. 

In  any  complete  inquiry  into  the  understand- 
ing of  earthquakes,  we  should  approach  the  sub- 
ject from  the  grand  scale  of  geotectonics  as  well  as 
from  the  detailed  point  of  view.  The  meaning  of 
drift,  if  true,  goes  far  beyond  the  question  of 
whether  the  continents  have  moved  about;  the 
fundamental  earth  model  is  at  stake.  Drift  im- 
plies mantle  convection  with  attendent  conveyor 
belt  tectonics — a  spreading  sea  floor.  To  try  to 
understand  the  tectonics  of  the  earth  as  a  whole 
necessarily  involves  soft  facts  and  much  specula- 
tion. But  constrained  speculation  could  lead  to 
breakthroughs  in  understanding  and  predicting 
earthquakes. 

Discussion 

Lawrence:  What  is  the  present  rate  for  con- 
tinental drift  ? 

DiETz :  There  is  rather  wide  agreement  that  the 
rate  involved  is  of  the  order  of  1  to  5  cm./year. 
These  rates  are  derived  from  using  slippage  rates 
from  along  the  San  Andreas  fault  and  by  other 
methods.  These  seem  to  be  adequate  rates  to  ac- 
count for  drift. 

Owens  :  Are  there  any  places  in  the  world 
today  where  continents  may  be  drifting  rather 
rapidly  with  respect  to  one  another,  but  which  are 
reasonably  close  together  ? 

DiETZ  :  Yes.  The  Red  Sea  in  the  last  15  million 
years  apparently  has  rotated  7°  and  opened  up 
200  km.  The  Gulf  of  California  may  also  be  an 
incipient  case  of  continental  drift.  There  is  a 
side-slip  effect  too,  and  an  opening  in  the  Gulf  of 
California.  These  would  be  two  examples  which 
have  occurred  in  post  mid-Miocene  time. 
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Our  Deep  and  Wide  Ocean 

The  2nd  International  Oceanographic 
Congress  was  convened  in  Moscow, 
30  May-9  June  1966,  at  the  Mos- 
cow Lomonosov  State  University. 
There  were  1800  registrants,  including 
600  foreign  of  which  200  were  Amer- 
ican. More  than  500  papers  were  read; 
they  included  invited  plenary  reports 
and  contributed  papers  to  various  sec- 
tions and  subsections  covering  all  of 
the  many  disciplines  within  the  general 
framework  of  oceanography.  In  addi- 
tion there  were  seven  symposia  cover- 
ing nearshore  processes,  biogeochemis- 
try.  primary  production,  oceanograph- 
ic  instruments,  radioecology  and  radio- 
activity in  the  oceans,  bioacoustics 
and  aspects  of  upwelling. 

Foreign  oceanographic  ships  were 
invited  to  visit  Leningrad  during  the 
congress  but  only  those  of  the  sur- 
rounding Baltic  countries  came.  This 
program  was  marred  by  the  cancella- 
tion of  the  Silas  Bent,  perhaps  the 
most  sophisticated  research  vessel  pres- 
ently operational,  of  the  Navy  Ocean- 
ographic Office.  Permission  was  with- 
drawn at  the  last  moment  on  the  basis 
that  the  Silas  Bent  was  a  naval  ship. 
This  meeting  took  place  7  years  af- 
ter the  first  such  congress  met  in  New 
York  in  1959.  It  seemed  generally 
agreed  that  the  results  presented  at 
Moscow  revealed  a  vast  growth  in  the 
raw  data  of  oceanography  and  a  de- 
cline in  the  validity  of  Murphy's  Law, 
which  states  that  the  optimum  number 
of  electronic  parts  in  any  piece  of  ocean- 
ographic equipment  is  less  than  one. 
On  the  other  hand,  there  was  a  general 
failure  to  fully  digest  and  analyze  the 
vast  quantities  of  data  now  pouring 
in  from  the  world's  growing  oceano- 
graphic fleet,  and  a  dearth  of  new 
ideas  or  concepts.  Or  at  least  so  it 
seemed,  but  can  we  be  sure?  Many 
good  new  ideas  are  discredited  at  first 
and  only  obtain  acceptance  by  slow  re- 
alization, while  oddball  concepts  draw 
the  attention  of  the  press— for  exam- 
ple, the  expanding  earth  theory  of  the 
first  congress,  about  which  we  thank- 
fully heard   nothing  this  time. 

The  congress  amply  served  its  first 
purposes,  meeting  and  becoming  per- 
sonally acquainted  with  our  Soviet 
oceanographic  colleagues,  exchanging 
information,  and  observing  Soviet  sci- 
ence and  general  culture.  Tours  to  se- 
lected institutes  and  cultural  trips 
around  Moscow  were  an  integral  part 
of  the  program.  The  building  crane, 
and    not    the    traditional    bear,    would 


seem  to  be  the  appropriate  symbol  for 
contemporary  Russia.  Like  Americans 
the  Soviets  revel  in  superlatives  and 
certainly  we  must  credit  them  with  the 
world's  biggest  queue,  winding  through 
Red  Square  and  waiting  to  pass  through 
Lenin's  mausoleum.  Among  the  con- 
gress exhibits  were  two  new  Soviet  pub- 
lications of  great  interest,  a  Eurasian 
tectonic  map  and  the  Soviet  Antarc- 
tica atlas  prepared  by  the  Arctic  and 
Antarctic  Research  Institute  of  Lenin- 
grad. 

Communication  was,  of  course,  hin- 
dered by  the  language  barrier  and  by 
many  poorly  prepared  slides  and  pres- 
entations. On  the  other  hand,  we  were 
most  thankful  for  the  ready  accept- 
ance by  all  participants  of  the  use  of 
English.  Perhaps  the  tenor  of  the  times 
is  marked  by  the  new  Eiirasian  tec- 
tonic map  which  has  both  English  and 
Russian  legends.  Would  that  it  were 
so  for  the  Antarctica  alias. 

Breakthroughs  in  research  are  paced 
by  new  techniques.  Sub-bottom  acous- 
tic profiling  is  one  of  these  which  is 
revolutionizing  marine  geology  by  re- 
vealing structure  of  the  sedimentary 
layers  of  the  ocean-floor;  such  results 
were  the  subject  of  several  important 
papers.  On  the  other  hand,  deep  re- 
search vehicles  (DRV's)  seem  to  be 
having  little  impact  as  yet  upon  our  sci- 
ence. Their  research  role,  especially  in 
physical  oceanography,  seems  to  re- 
main as  yet  not  clearly  defined.  No 
results  were  reported  from  the  highly 
vaunted  Soviet  research  submarine, 
Severyanka,  although  it  has  operated 
for  a  decade. 

The  Soviets  continue  to  excel  in 
Arctic  research,  a  new  example  being 
the  studies  of  R.  Demenitskaya  et  al. 
(Arctic  and  Antarctic  Research  Insti- 
tute, Leningrad)  on  the  morphology 
and  structure  of  the  Arctic  Basin.  A 
striped,  zebra-like  pattern  of  magnetic 
anomalies  has  now  been  found  run- 
ning parallel  to  the  presumed  Arctic 
mid-ocean  rift.  By  the  concept  of  Vine 
and  Matthews  (Cambridge),  this  may 
be  interpreted  as  evidence  for  the 
spreading  of  the  seafioor  with  the  gen- 
eration of  new  ocean  bottom  growing 
out  from  the  rifts.  The  zebra  pattern 
would  be  interpreted  as  due  to  periodic 
reversals  of  the  earth's  magnetic  field 
which  induce  a  polarity,  now  one  way 
and  then  the  other,  as  the  new  sea 
floor  is  formed  at  a  rate  of  a  few 
centimeters  per  year.  However,  the  ori- 
gin of  the  great  nonmagnetic  Lomon- 
osov Ridge,  which  divides  the  Arctic 
Ocean,  remains  completely  unknown. 


The  massive.  slalinesqLie  Moscow  Lom- 
onosov Stale  University,  completed  in 
1953,  was  the  site  of  the  second  Interna- 
tional   Oceanographic    Congress. 


E.  C.  Bullard  (Cambridge)  cited  as 
significant  recent  discoveries  the  nu- 
merous transcurrent  faults  offsetting 
the  mid-ocean  ridges,  the  probable  salt 
domes  beneath  the  Gulf  of  Mexico, 
and  the  radiometric  Precambrian  age 
of  the  Seychelle  Islands  granites,  with 
the  implication  that  they  may  be  con- 
tinental drift  fragments  from  a  conti- 
nental shield.  He  noted  that  the  six- 
ties have  been  so  far  devoid  of  the 
great  surprises  of  sea-floor  geology  of 
the  1950's  (the  youth  of  the  sea  floor, 
the  absence  of  any  sialic  lining,  and 
other  discoveries).  But  one  might  ask 
that,  if  he  had  been  a  continental  drift- 
er in  the  1950's  rather  than  a  believer 
in  continental  fixity,  would  these  dis- 
coveries have  been  surprises?  Surprises 
may  be  defined  as  discoveries  which 
disagree  with  preconceived  notions  or 
intuitive  models.  Bullard  called  for  a 
great  effort  in  deep-sea-floor  drilling 
and  for  the  application  of  several,  as 
yet  little-tried,  geophysical  techniques 
to  the  study  of  the  ocean  floor. 

In  the  past  decade  new  additions 
have  been  made  to  the  complex  of 
vast  planetary  currents.  Especially  sig- 
nificant are  the  great  equatorial  under- 
currents of  the  Pacific,  Atlantic,  and 
Indian  oceans,  which  have  maximum 
speeds  of  150  cm/sec,  120  cm/sec, 
and  60  m/sec,  respectively.  The  5000- 
ton  research  ship  Lomonosov,  of  the 
Marine  Hydrophysics  Institute  of  Sev- 
astopol, has  devoted  much  attention  to 
the  Atlantic  Equatorial  ("Lomonosov") 


Undercurrent  (A.  G.  Kolesnikov  et  al.). 
This  current  is  a  narrow,  lens-shaped 
subsurface  stream,  200  to  250  miles 
wide  and  with  a  maximum  thickness 
of  250  meters.  The  axis  of  this  2500- 
miie-long,  eastward-setting  stream  hes 
along  the  equator.  Flowing  year  around 
and  without  any  reversal  of  direction, 
it  carries  fully  half  the  water  volume 
of  the  Gulf  Stream  or  the  Kurishio. 
An  outstanding  feature  of  this  current 
is  its  high  salinity,  but  it  may  also  be 
recognized  by  its  temperature  structure 
and  by  the  distribution  of  dissolved 
oxygen,  phosphorus,  and  other  chemi- 
cal elements. 

A  measure  of  fortitude  is  needed  to 
cruise  northward  and  stormward  in  the 
search  of  scientific  discovery,  but  such 
determination  was  needed  to  catch  a 
water  mass  in  the  act  of  being  born. 
J.  Reid  (Scripps  Institution  of  Ocean- 
ography) reported  on  the  origin  of 
North  Pacific  Intermediate  Water  (300 
to  600  meters  down  in  the  North 
Pacific).  This  discovery  was  made  dur- 
ing a  recent  winter  cruise  aboard  the 
R.V.  Argo  to  the  Kamchatka,  Kurile. 
Aleutian  region.  This  water  mass  is 
not  formed  by  the  cooling  and  sink- 
ing of  the  surface  waters  at  high  lati- 
tudes (north  of  50''N),  but  rather  is 
created  by  subsurface  mixing  in  the 
pycnocline  150  meters  down.  Thus  con- 
vective  overturn,  limited  to  the  upper 
layer  of  the  ocean  above  200  meters, 
is  sufficient  to  account  for  the  forma- 
tion of  this  water  mass. 

Many  papers  were  concerned  with 
results  from  the  recently  completed  In- 
ternational Indian  Ocean  Expedition 
which,  oceanographically  at  least,  has 
opened  up  this  mare  incognito.  J.  Swal- 
low (National  Institute  of  Oceanog- 
raphy, England)  remarked  that  a  strik- 
ing feature  of  the  circulation  of  the 
Indian  Ocean  is  the  variability  of  the 
equatorial  undercurrent.  Swallow  noted 
that  close  international  collaboration 
was  not,  in  fact,  achieved  but  this  was 
just  as  well  for  any  closely-knit  pro- 
gram would  have  missed  the  variability 
of  the  current  systems  which  seem 
not  to  be  related  to  any  yearly  cycle. 
He  called  for  the  use  of  oceanographic 
buoys  to  collect  long-term  observations. 
He  also  urged  the  study  of  deep-sea 
tides  and  of  deep  currents. 

G.  M.  Belyaev  (Institute  of  Oceanol- 
ogy,  U.S.S.R.)  discussed  the  ultra-abys- 
sal bottom  fauna  of  trenches  with  the 
Vityaz  results  of  the  past  decade. 
About  300  species  are  now  known.  Of 
this  number  68  percent  are  endemic, 
and    there    is   only    a   6    percent    over- 


lap between  these  "hadal"  and  abyssal 
faunas.  The  great  hydrostatic  pressure 
is  a  factor  restricting  the  diversity  of 
the  hadal  fauna  while  intensive  sedi- 
mentation creates  favorable  feeding  con- 
ditions. Holothurians  dominate  in  both 
number  and  biomass,  with  bivalve  mol- 
lusks  and  polychaetes  ranking  second. 
Belyaev  concluded  that,  owing  to  nar- 
row spccializaton,  the  hadal  fauna  has 
no  further  evolutionary  prospects  and 
is  incapable  of  evolving  into  higher 
taxons. 

R.  Hesslcr  and  H.  Sanders  (Woods 
Hole  Oceanographic  Institution)  report- 
ed on  an  elegant  and  intensive  study  of 
the  deep-sea  benthic  fauna  and  arrived 
at  some  rather  unorthodox  conclusions. 
About  100,000  specimens  were  col- 
lected along  a  transect  from  New  Eng- 
land to  Bermuda.  They  found  that 
great  diversity  in  fauna  is  characteris- 
tic of  deep-sea  assemblages  and  sug- 
gest that  the  deepsea  is  not  the  harsh 
environment  it  usually  is  assumed  to 
be.  By  the  very  constancy  of  the  re- 
gime, they  suppose  that  the  abyss  can 
and  does  support  a  highly  diversified 
fauna.  They  find  no  diminution  of  spe- 
cies with  depth.  The  fauna  is  strongly 
layered  with  depth  but  there  is  a  con- 
tinuum of  change.  An  abrupt  break 
was  observed  only  at  the  shelfbreak 
where  eurythermal  shallow-water  forms 
are  almost  entirely  replaced  by  deep 
stenothermal  species. 

G.  L.  Clarke  (Harvard)  reported 
that  bioluminescence  is  a  virtually  uni- 
versal oceanic  phenomenon  both  geo- 
graphically and  in  depth.  This  living 
light  is  constantly  present,  but  variable 
in  its  manifestations.  The  maximum 
display  is  in  the  upper  100  meters  (be- 
cause of  dinoflagellates),  with  a  sec- 
ondary display  at  about  900  meters. 
However,  even  at  a  depth  of  3740  me- 
ters, bioluminescence  was  detected  by  a 
sensitive  bathyphotometer.  Flashes  oc- 
cur at  rates  from  1  to  more  than  100 
per  minute.  It  was  inferred  that  in  the 
clearest  water  deep-sea  fish  can  detect 
ambient  daylight  down  to  1300  meters. 
Similar  results  were  presented  by  I.  I. 
Guitelson  (U.S.S.R.),  who  noted  that 
the  role  of  luminescence  remains  un- 
determined and  not  at  all  clear. 

In  the  euphoric,  popular  mind  the 
ocean  is  a  vast  cornucopia,  an  untap- 
ped reserve  of  food  and  mineral  re- 
sources. J.  Strickland  (Scripps  Institu- 
tion of  Oceanography)  took  issue  with 
this  rosy-hued  view.  He  seriously 
doubts  that  we  will  have  the  requisite 
ability  to  describe,  or  sufficient  un- 
derstanding   to    manipulate,    the    ma- 


rine environment  by  the  time  mankind 
is  faced  with  the  ultimate  need  for 
large-scale  aquaculture  and  waste  dis- 
posal, unless  we  bring  about  a  revolu- 
tion in  our  approach  to  the  study  of 
the  ecology  of  the  open  sea,  both  in 
technique  and  the  magnitude  of  man- 
power and  financial  resources. 

The  congress  ended  at  the  Palace 
of  Congress,  within  the  Kremlin  walls, 
with  a  summing  up  of  impressions  and 
results  by  a  dozen  or  so  leading  scien- 
tists in  the  various  oceanographic  dis- 
ciplines, a  sumptous  Russian  banquet, 
and  a  presentation  by  the  Bolshoi  Bal- 
let in  which  the  rising  ballerina  was, 
of  all  things,  the  daughter  of  a  profes- 
sor of  geophysics.  A  third  congress 
will  be  convened  about  5  years  hence. 
Many  of  us  prodded  the  British  to 
host  this  meeting  to  suitably  commem- 
orate the  100th  anniversary  of  the 
sailing  of  the  Challenger  Expedition 
(1872-76)  which  founded  scientific 
oceanography.  The  only  offer  an- 
nounced at  the  meeting,  however,  was 
an  invitation  to  meet  in  Valparaiso. 
Chile. 

Field  trips  after  the  congress  in- 
cluded visits  to  Leningrad,  the  Black 
Sea  region  or  the  Lake  Baikal  area. 
The  highpoint  of  the  Baikal  trip  was 
the  visit  to  the  Limnological  Institute 
on  Lake  Baikal  at  the  southern  toe 
of  this  great  crescent-shaped  lake.  Lake 
Baikal  is  the  deepest  (1620  meters) 
lake  in  the  world  and,  although  small- 
er in  surface  area  than  Lake  Superior, 
Lake  Michigan,  or  Lake  Huron,  it  con- 
tains more  water  than  all  of  the  Great 
Lakes  combined.  It  contains  23,000 
km'*  of  fresh  water,  or  about  20  per- 
cent of  the  world  supply. 

Geologically,  Baikal  is  a  rift  valley 
like  the  rift  valleys  of  Africa  and  is 
presumably  related  to  some  type  of 
mantle  activity  which  has  placed  the 
sialic  crust  under  tension.  One  won- 
ders if  this  isolated  rift  may  somehow 
be  an  extension  of  the  world-wide, 
mid-ocean  rift  system,  as  the  African 
rifts  seem  to  be.  However,  the  Soviets 
are  inclined  to  regard  the  Baikal  rift 
as  a  portion  of  a  closed  system  in 
central  Siberia  only  1000  kilometers  in 
length. 

The  ecology  of  Lake  Baikal  is  ex- 
ceedingly interesting,  for  it  is  an  an- 
cient lake  formed  in  the  Miocene 
about  20  million  years  ago.  Two-thirds 
of  its  1800  animal  species  are  endemic. 
There  is  an  especially  rich  collection 
of  endemic  gammarid  amphipods:  230 
species  are  found  here,  or  more  than 
one-half    of    all    those    known    in    the 


world.  Especially  famous  is  the  herd 
of  30,000  endemic  Siberian  seals  or 
nerpa  {Foca  siberica).  The  geologic  set- 
ting of  Baikal  is  much  like  that  of 
Lake  Tanganyika  in  Africa,  but  the 
ecological  situation  of  the  oligotrophia 
lake  offers  a  strong  contrast. 

The  congress  was  organized  by  the 
U.S.S.R.  Academy  of  Sciences  through 
special  agreement  between  Unesco 
and  the  Soviet  government.  It  re- 
ceived financial  support  from  the  sci- 
entific Committee  on  Oceanic  Research, 
the  Food  and  Agriculture  Organization 
of  the  United  Nations,  the  World  Me- 
teorological Organization,  and  the  In- 
ternational Atomic  Energy  Agency. 

We  may  hope,  and  even  expect,  .that 
with  the  next  congress  we  will  see 
more  input  from  sophisticated  theory, 
more  problem-oriented  rather  than  sur- 
vey-oriented ship  programming,  and 
better  and  more  thorough  data  reduc- 
tion, all  of  which  should  yield  a  more 
perceptive  insight  into  our  deep  and 
wide  ocean. 

Robert  S.  Dietz 
Institute  for  Oceanoi;iaphy, 
Environmental  Science  Services 
Administration.  Silver  Spriny, 
Maryland  20910 
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Striated  Surfaces  on  Meteorites:    Shock  Fractures, 
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Abstract.    Veined  and  brecciated  chondrites  commonly  display 
striated  fractures  which  have  been  interpreted  as  slickensides 
(fault  dislocations).    Observations  on  several  such  fractures  in 
various  collections  suggest  they  are  not  true  slickensides  but, 
instead,  are  probably  shock  features  related  to  shatter  coning. 


Striated  surfaces,  usually  described  as  slickensides,  are  not  un- 
common in  meteorites,  being  especially  characteristic  of  the  brecci- 
ated chondrites.    Slickensides  are,  of  course,  common  in  terrestrial 
rocks  and  are  a  criterion  for  faulting.    The  term  slickensides  refers 
to  the  polished  and  striated  (scratched)  surface  that  results  from 
friction  along  a  fault  plane.    Grinding  during  relative  displacement  by 
slippage  is  the  obvious  cause  of  these  parallel  scratches.    My  purpose 
here  is  to  question  the  striated  surfaces  found  in  meteorites  as  being 
true  slickensides.    More  likely  they  are  shock-induced  fractures 
closely  related  to  shatter  coning. 

These  striated  surfaces  occur  in  the  veined  stony  meteorites  which 
are  also  characterized  by  smooth  black  surfaces,  termed  armored 
surfaces  or  Harnischflache.    The  vein  material  appears  to  be  simply 
a  powdered  phase  of  the  meteorite  rather  than  foreign  matter,  thus 
unlike  a  normal  vein  in  terrestrial  rock.    Probably  the  best  terrestrial 
analogy  would  be  a  mylonite  vein.    Early  references  to  these  features 
are  Cohen  (1903)  who  supposed  they  were  fractures  created  upon  im- 
pact with  the  earth  and  Farrington  (1915)  who  described  them  as 
slickensides  caused  by  fault  dislocations  in  space. 

In  the  past  two  years,  I  have  had  the  opportunity  to  examine  several 
large  meteorite  collections  megascopically,  searching  for  these  stri- 
ated surfaces.    In  the  Indian  national  collection  of  the  Geological 
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Survey  of  India  at  Calcutta,  the  Merv.a  and  Khohar  meteorites  display 
striated  fracture  surfaces  which  are  more  suggestive  of  shatter- 
coned  striations  ths.n  of  slickensides.    In  the  Nininger  collection  now 
housed  at  Arizona  State  University,  Tempe.  Arizona,  the  Karrisonviile 
meteorite  shows  these  striations.    In  the  Soviet  national  collection  of 
the  Mineralogical  Museum  in  Moscow,  striated  fracture  surfaces  are 
present  on  the  Vaviiovka  meteorite,  a  monomict  brecciated  achondrite 
(amphoterite);  the  Zovnevy  Khutoz  m.eteorite,  a  chondrite;  and  the 
Pultusk  meteorite,  a  brecciated  chondrite.    Many  meteorites  in  the 
Field  Museum,  of  Natural  History  collection  in  Chicago  were  also  ex- 
amined, but  striated  surfaces  were  reen  only  on  a  portion  of  the  Long 
Island  meteorite  where  they  are  excellently  developed.    A  sm.all  por- 
tion of  the  collection  of  meteorites  at  the  U.  S.  Natio-.-al  Museum  was 
also  seen  but  no  striated  surfaces  were  noted.    In  the  collection  of 
the  British  Museum  of  Natural  Kistory  in  London,  four  m.eteorites 
were  found  which  show  good  striations.    These  are  the  Monroe  m.eteor- 
ite,  an  olivine-bronzite  chondrite;  the  Queens  Mercy  m.eteorite,  a 
brecciated  olivine-bronzite  chondrite;  the  Long  Island  meteorite,  an 
olivine-hypersthene  chondrite;  and  the  Kharkov  m.eteorite,  a  veined 
olivine-hypersthene  chondrite. 

From  this  reconnaissance  exam.ination,  it  appears  that  these  stri- 
ated surfaces  definitely  are  not  slickensides.    Their  exact  nature  re- 
mains unclear  but  quite  likely  they  are  shock-induced  fractures 
created  by  impacts  in  space  and  closely  related  to  the  phenomenon  of 
shatter  coning  observed  in  many  presumed  astroblem.es  en  the  earth. 
No  fully  definitive  exam.ples  of  shatter  coning  V\'ere  seeh,  however. 
Unfortunately  the  specimens  were  not  sufficiently  large  to  dem.onstrate 
much  conical  curvature  or  raaxked  convergence  (horsetailing)  of  the 
striations,  such  as  characterizes  shatter  coning.    However,  the  coarse 
grained  texture  and  massiveness  (absence  of  bedding)  of  meteorites 
makes  the  development  of  good  shatter  cones  unlikely. 

Shatter  cones  have  positive  and  negative  opposing  faces  so  that 
when  placed  together  they  lock;  slickensides  do  not  as  they  are  slip 
surfaces.    On  the  meteorites  the  striated  surfaces  could,  in  som.e 
instances,  be  recognized  as  either  positive  or  negative  (cast  or  m.oid) 
but  examples  of  opposing  surfaces  could  not  be  found  to  which  the 
locking  test  could  be  applied.    Rocks  which  are  siickensiced  sho-v 
considerable  displacement  across  the  fault  boundary;  displacement 
associated  with,  shatter  coning  is  on  the  microscopic  scale.    The  veins 
associated  with  the  striated  surfaces  on  meteorites  I  examined  shov;ed 
little,  if  any,  offset.    Thus  the  phenomenon  is  suggestive  of  shock 
fracturing.    However,  Cohen  (1903,  p.  119)  has  recorded  an  offset,  of 
47  mm. 

As  an  indicator  of  shock  loading,  shatter  cones  (conical  fractures 
covered  with  converging  striations)  have  proven  a  usual  field  criterion 
for  the  identification  of  probable  astroblem.es  — ancient  meteorite 
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impact  scars  on  the  earth  (Dietz,  1963a,  1963b).    A  recent  contribution 
to  the  understanding  of  the  mechanics  of  this  fracturing  is  that  of 
Johnson  and  Talbot  (1964)  who  suggest  that  the  cones  are  generated 
along  tlie  surface  demarking  plastic  yielding  and  elastic  deformation. 
This  interaction,  in  turn,  commences  from  some  inhomogeneity  in  the 
rock  acting  as  a  secondary  scattering  source  after  being  struck  by 
an  elastic-precursor  shock  wave. 

I  conclude,  then,  that  these  striated  fractures  are  not  slickensides 
but  probably  shock-induced  fractures  closely  related  to  shatter  con- 
ing.   This  is  hardly  surprising  as  these  brecciated  chondrites  display 
many  other  features  suggestive  of  shock  events  in  their  history,  e.g. 
the  presence  of  a  shocked  plagioclase  mineral  called  maskelynite. 
K.  Fredriksson,  K.  Keil  and  D.  Milton  are  among  those  who  recently 
have  made  important  contributions  on  the  shock  effects  found  in 
meteorites. 

It  is  a  pleasure  to  express  my  appreciation  to  the  following  persons 
for  permitting  these  examinations:    M.  V.  Murthy  of  the  Geological 
Survey  of  India,  Carleton  Moore  of  the  Arizona  State  University,  E. 
Krinov  of  the  Soviet  Institute  of  Meteoritics,  E.  Henderson  of  the  U.  S. 
National  Museum,  E.  Olson  of  the  Field  Museum  of  Natural  History 
and  M.  Hey  of  the  British  Museum. 
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Addendum  to  paper  on  Roter  Kamm,  by  Robert  S.  Dietz,  Meteoritics, 
2,  311,  1965. 

Using  the  apparent  crater  diameter  of  8,000  feet  (which  may  be 
slightly  too  large)  and  applying  Baldwin's  (1963)  equations  with  3.4- 
power  scaling,  we  find  that  the  energy  liberated  at  the  Roter  Kamm 
event  appears  to  have  been  about  85  megatons-TNT-equivalent,  or  al- 
most 11  times  greater  than  Baldwin's  estimate  for  the  Meteor  Crater 
event.    Further,  if  a  Ni-Fe  bolide  with  a  density  of  7.9  g/cm3  and  an 
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impact  velocity  of  15  km/sec  are  assumed,  the  bolide  would  have  been 
about  92  m  in  diameter  and  of  3.2  x  109  metric  tons  mass,  as  compared 
with  Baldwin's  figure  of  2.6  x  108  tons  for  the  Meteor  Crater  bolide. 

Also  from  Baldwin's  equations,  the  apparent  depth  of  the  Roter 
Kamni  crater  is  computed  to  be  approximately  4700  feet.    As  the 
present  floor  of  the  crater  is  about  400  feet  below  the  rim,  the  depth 
of  crater  fill  must  be  about  4300  feet,  if  this  is  an  impact  crater. 
Even  allowing  for  a  thick  lens  of  fallback  and  some  erosion  of  the  rim, 
this  computation  suggests  that  there  has  been  a  considerable  amount 
of  subsequent  in-filling,  probably  with  wind-blown  sand  and  silt. 
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SUMMARY 

The  quest  for  the  earth's  original  crust,  based  upon  the  molten  earth  hypo- 
thesis, was  traditionally  directed  toward  the  oldest  granite  batholiths.  The 
search  was  abandoned  many  years  ago  when  the  principle  was  recognized 
that  these  granites  are  intrusive  into  still  older  geosynclinal  sediments 
which,  of  course,  can  only  be  secondarily  derived  from  some  pre-existing 
cru-st. 

The  advent  of  the  cold  accretion  model  for  the  earth  combined  with 
the  secondary  origin  of  sial  by  mantle  differentiation  provides  a  new  defini- 
tion for  the  term  original  crust   -   its  composition  would  be  ultramafic  and 
chondritic  rather  than  sialic.  Owing  to  the  process  of  mantle  thermal  con- 
vection and  of  associated  differentiation,  it  might  be  supposed  that  this 
crust,  too,  would  have  been  completely  destroyed.  However,  by  the  author's 
version  of  the  geosynclinal  mountain-building  cycle,  it  is  quite  likely  that 
fragments  of  the  primitive  crust  were  trapped  in  the  oldest  eugeosynclines 
and  preserved  to  modern  times.  I  suggest  that  eugeosynclines  are  deposited 
on  sima  and,  upon  their  tectonic  collapse,  trap  portions  of  the  underlying 
ultramafic  crust  in  the  solid  state. 

Accordingly  there  remains  some  hope  that,  among  the  ultramafic  pods 
in  the  old  nuclei  of  continents,  undifferentiated  fragments  of  the  original 
crust  may  still  be  found.  This  may  be  termed  a  "raisin  bread"  concept  for 
searching  out  the  earth's  original  crust. 


The  search  for  the  earth's  original  crust  was  a  quest  of  classical  geology. 
Father   Logan  and  other  early  pioneers  of  North   Anerican  geology  be- 
lieved the  granitic   terranes   of  the  Canadian  Shield  to  be  the  original  crust 
created  when  the  earth  cooled  from  a  molten  state.  Andrew  Lawson,  by  his 
early  studies  in  this  region,  disproved  this  view  by  showing  that  these  gran- 
ites are  invariably  intrusive  into  metasediments  so  that  sedimentary  depo- 
sits are  always  older  than  their  associated  granites.  Sediments,  of  course, 
cannot  constitute  an  original  crust.  The  prevailing  view  doubts  the  existence 
of  any  origmal  crust.  It  adheres  to  the  classical  assessment  of  James  Hutton 
who  in  his  Theory  of  the  Earth  of  1788,  saw  in  the  record  of  the  rocks, 
"...  no  vestige  of  a  beginning  -  no  prospect  of  an  end".  This  conclusion  is 
understandable  by  the  usual  geosynclinal  mountain-building  cycle.  The 

Tectonophysics,  2  (6)  (1965)  51.5-520 


516  R-S.  DIETZ 

timing  of  this  cycle  is:  deposition  of  a  thiick  sedimentary  prism,  collapse  of 
this  deposit,  and  finally  granitic  intrusion   -  so  the  granite  is  invariably 
younger  than  its  associated  geosynclinal  sediments. 

It  is  now  virtually  a  principle  of  geology  that  no  original  crust  remains 
anywhere.  In  a  recent  re-inforcement  of  this  belief,  Knopf  (1955)  remarks 
that  hatholiths  indeed  are  invariably  intrusive  into  geosynclinal  sediments. 
He  cites  works  of  David  and  Browne  (1950,  p. 3)  and  Gevers  (1935,  p. 37)  as 
showing  that  the  same  graViite-metasediment  relationship  as  found  in  the 
Canadian  Shield  also  applies  in  Australia  and  South  Africa.  As  is  usual  all 
geologists  do  not  agree,  but  Eskola  (7951,  p. 34),  for  example,  has  effective- 
ly countered  earlier  suggestions  that  original  crust  may  be  found  in  the 
Fennoscandian  Shield.  Brock  (1959),  one  of  the  dissenters,  has  suggested 
that  the  Archean  granites  of  South  Africa  are  true  crust.  He  avers  that  the 
seemingly  intrusive  relationship  of  the  granite  surrounding  metasediments 
is  an  illusion  due  to  later  "reactivation"  of  the  granite.  Opinions  of  this 
type  are  rare  in  the  geologic  literature.  The  view  that  no  original  crust 
remains  today  is  standard  doctrine. 

Searching  for  the  original  crust  in  terms  of  a  pre -geosynclinal  gran- 
ite rather  clearly  stems  from  the  concept  of  an  original  molten  earth  which 
generated  a  granitic  shell.  Lately  the  hypothesis  of  cold-earth  accretion 
has  achieved  wide  acceptance.  Accordingly  the  earth's  original  crust  would 
have  been  ultrabasic  rock,  most  likely  of  a  chondritic  composition,  rather 
than  granite. 

At  first  thought  it  would  seem,  then,  that  the  earth's  ultrabasic  mantle 
might  provide  a  sample  of  the  earth's  original  crust.  It  has  been  commonly 
suggested  that  the  M-discontinuity  beneath  the  ocean  may  be  the  primitive 
crust  which  would  be  sampled  by  drilling  a  Mohole  into  the  ocean  floor  (e.g., 
Ewing  and  Engel,  1962).  This  possibility,  however,  seems  unlikely  to  me  as 
the  cold  accretion  earth  model  implies  that  the  earth  subsequently  became 
differentiated,  owing  to  thermal  convection  after  a  slow  heating-up  of  the 
earth's  interior  by  the  decay  of  radioactive  isotopes.  Accordingly  the  earth 
would  have  secondarily  generated  its  sialic  crust  as  well  as  its  core,  man- 
tle, hydrosphere,  and  atmosphere.  If,  as  seems  likely,  the  mantle,  including 
the  ocean  floor,  has  undergone  quasi -solid  flow  and  convective  overturn, 
considerable  alteration  and  differentiation  would  have  taken  place,  even  if 
melting  did  not  occur  (Hess,  1962).  The  earth's  mantle  beneath  the  sea 
floor's  Moho  layer  would  no  longer  qualify  as  being  like  the  earth's  original 
"chondritic"  substance.  By  this  scheme,  the  original  chondritic  crust,  al- 
though most  closely  resembling  the  ultrabasic  mantle,  would  no  longer  exist 
anywhere   -  unless  isolated  from  the  differentiation  process  in  eery  early 
time. 

As  is  well  known  the  oldest  eugeosynclinal  sedimentary  prisms  do 
not  attain  the  earth's  ripe  age  of  4,5  billion  years.  Ahrens  (1955)  cites  the 
oldest  fully  confirmed  age  to  be  3.4  billion  years,  or  a  full  aeon  younger 
than  the  earth  itself.  Donn  et  al.  (1965)  suggest  that  this  gap  may  be  only 
one -half  an  aeon  but  this  difference  does  not  affect  the  thesis  of  this  paper. 
A  reasonable  interpretation  for  this  time  gap  is  that  the  earth,  having  ac- 
creted as  a  cold  body,  required  this  interval  to  generate  sufficient  internal 
radioactive  heat  to  begin  convection.  This  delayed  for  perhaps  an  aeon  the 
initial  development  of  the  core,  mantle,  sialic  continents,  atmosphere,  and 
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hydrosphere.  Accordingly,  the  earth's  crust  would  have  remained  passive 
and  intact  during  early  history. 

It  is  common  belief  that  the  existence  of  a  continent  must  precede 
the  development  of  a  geosyncline.  This  follows  if  all  geosynclines  are  con- 
sidered as  laid  down  on  sialic  crust  and  if  the  sialic  provenance  components 
(quartz,  etc.,  which  apparently  are  present  even  in  the  oldest  geosynclines) 
must  have  been  derived  from  a  continental  plate.  If  we  combine  this  with  the 
belief  that  granites  are  i}ivari(ibly  intrusive  into  geosynclinal  sediments, 
an  endless  cycle  is  produced  which  can  have  no  beginning   -  apparently  an 
impossible  situation.  To  avoid  this  impasse,  Donn  et  al.  (1965)  suggest  that 
the  initial  continents  arrived  on  earth  as  a  gift  from  heaven.  The  original 
sial,  they  say,  fell  into  the  earth  from  outer  space  as  cosmic  bodies  of  sialic 
composition.  While  this  is  one  way  to  initiate  the  cycle,  it  strikes  me  as  an 
unlikely  ad  hoc  assumption. 

An  entirely  new  picture  emerges  if  sialic  substance,  like  that  found  in 
the  oldest  geosynclines,  can  be  derived  from  sima  and  if  certain  geosyn- 
clines, the  eugeosynclines,  are  laid  down  on  sima.  Regarding  the  first  point; 
basalt  is,  of  course,  the  first  differentiate  of  sima,  being  formed  by  the 
partial  melting  of  ultrabasic  rock.  Although  extreme  differentiation  is  needed 
to  produce  granitoid  rocks  directly  from  basalt,  this  does  occur.  Examples 
are  provided  by  topmost  layers  in  layered  igneous  complexes  such  as  the 
Sudbury  lopolith  (Wilson,  1956).  Even  oceanic  basalts  contain  a  small  amount 
of  granophyric  substance.  Such  an  acidic  differentiate  has  even  been  noted 
in  the  Hawaiian  Islands  (Kuno  et  al.,  1957).  However,  generation  of  granitoid 
rocks  along  the  following  lines  would  provide  a  more  quantitatively  impor- 
tant source  of  quartz.  Once  mantle  convection  began,  basalts  would  be  gen- 
erated in  large  volume  over  the  zone  of  cell  divergence  as  seems  to  happen 
today  over  the  mid-ocean  rises.  Continuation  of  the  convective  overturn 
would  eventually  transport  this  basaltic  material  into  zones  of  convergence 
such  as  the  deep-sea  trenches  of  today  seem  to  be.  Here  a  second  partial 
melting  would  occur  and  the  hyperfusible  andesites  and  granitoid  rocks 
would  be  generated  and  built  up  into  an  island  arc.  The  island  arc  would 
then  by  erosion  shed  an  apron  of  sediment  at  its  base,  a  small  continental 
rise.  Spilitic  and  keratophyric  volcanic  rock  would  be  mixed  in  the  green- 
stones of  later  ages.  This  then,  would  provide  the  substance  of  the  primitive 
geosyncline. 

I  turn  now  to  the  emplacement  of  eugeosynclinal  prisms  on  sima.  I 
have  discussed  this  concept  in  detail  elsewhere  (Dietz,  1963a)  so  the  sugges- 
tion is  simply  reviewed  as  a  time-sequence  diagram  (Fig.l).  Eugeosynclines 
are  equated  with  modern  continental  rises  that  are  laid  down  at  the  base  of 
the  continental  slope  and  are  later  collapsed  into  eugeosynclinal  orogens. 
The  basement  of  these  sedimentary  prisms  is  the  simatic  ocean  floor.  If 
mantle  convection  is  the  prime  mover  for  the  earth's  tectonism  then  the 
early  crust  may  have  remained  essentially  inert,  like  the  moon  apparently 
remains  today,  until  the  first  eugeosynclines  collapsed  and  entrapped  frag- 
ments of  original  crust.  Later  geosynclines  would  succeed  in  trapping  only 
somewhat  modified  crustal  rock  after  the  mantle  initiated  its  differentiation. 
Of  course,  the  mantle  remains  today  as  most  like  the  primitive  rock  as  it 
comprises  about  80%  of  the  earth's  substance.  But  if  mantle  convection 
differentiation  has  occurred  it  would  now  be  unlike  the  earth's  original 
crust.  Hence  a  Mohole  would  not  encounter  primitive  crust. 
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Fig.l    (Legend  see  p. 519). 
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For  essentially  unmetamorphosed  original  crust  fragments  to  be  pre- 
served throughout  geologic  history,  one  further  assumption  is  needed.  This 
is  that  orogenic  belts  once  created  are  not  remobilized  episodically  through- 
out geologic  history.  I  ascribe  to  the  belief  that  orogenic  zones  usually  have 
been  mobilized  only  once,  but  to  defend  the  view  in  any  detail  would  involve 
many  pages.  Suffice  to  say  here,  the  new  radioactive  dating  information  makes 
little  sense  if  orogens  have  been  repeatedly  mobilized.  I  suggest  that  the 
continental  block,  and  the  low  density  eugeosynclinal  prisms  which  make  up 
its  basement  complex,  are  spared  from  mobilization  and  destructive  effects 
of  mantle  convection  because  of  their  buoyancy  which  permits  them  to  ride 
above  any  quasi-solid  flow  of  the  mantle.  So  once  ultramafic  pods  are  tecto- 
nically  incorporated  into  a  eugeosynclinal  prism,  they  achieve  maximum 
protection  from  further  modification. 

Unfortunately  the  thesis  presented  is  not  readily  tested.  Ultramafics 
are  very  low  in  the  usual  "clock  atoms"  such  as  ^^Ru  and  '^^K  and  these 
rocks  also  pose  other  problems  for  the  standard  radioactive  dating  proce- 
dures. Some  attempts  have  been  made  to  radioactively  date  ultramafic  rocks 
but  these  results  generally  seem  to  have  been  thrown  out  as  spurious,  as 
tested  against  the  backdrop  of  usual  thinking.  This  is  often  appropriate  as 
some  ultramafic  samples  provide  dates  probably  older  than  the  universe 
(ca.  6  aeons).  However,  dates  somewhat  older  than  the  associated  granites 
of  the  same  orogenic  belt  could  be  real  and  meaningful. 

It  seems  to  be  a  valid  principle  that  granites  are  younger  than  their 
associated  metasediments.  It  may  also  be  true  that  ultramafic  pods  are 
older  than  the  sediments  which  enclose  them.  To  find  a  sample  of  the  earth's 
original  crust,  search  should  be  directed  not  to  the  ocean  basins  but  to  the 
ultramafic  pods  in  the  oldest  geosynclinal  prisms  comprising  the  core  of 
continents   -  Karelia,  Manitoba,  rlhodesia,  etc.  (Fig. 2).  Perhaps,  then,  a 
search  for  the  primitive  crust  would  be  fruitful  under  these  modified  terms 
of  reference.  Some  hope  remains  that  we  may  yet  find  some  "vestige  of  a 
beginning." 


Fig.l.  Time-sequence  diagram  to  show  the  writer's  concept  of  eugeosyn- 
cline  accumulation  as  a  continental  rise  prism  and  its  later  collapse  and 
accretion  to  the  continental  block.  In  this  scheme,  the  basement  of  the  eu- 
geosyncline  is  sima,  pods  of  which  become  tectonically  emplaced  in  the 
collapsed  eugeosyncline.  Accordingly  the  earth's  original  geosynclines  may 
have  trapped  original  ultramafic  crust. 


Fig. 2.  A  diagrammatic  block-section  cut  out  of  the  center  of  a  continent. 
The  great  Ep-Archean  unconformity  separates  platform  beds  from  the  old 
Basement  Complex.  The  Complex  is  composed  of  collapsed  eugeosynciines 
intruded  by  slightly  younger  granite  plutons.  Ultramafics  occur  as  pods 
within  the  metasediments.  It  is  suggested  in  this  paper  that  these  pods  are 
fragments  of  the  underlying  simatic  crust  upon  which  the  eugeosyncline 
was  laid  down.  By  searching  among  the  pods  in  the  oldest  of  these  sedimen- 
tary prisms,  fragments  of  the  original  crust  may  still  be  found. 
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Shatter  Cones  at  the  Middlesboro  Structure,  Kentucky 


ROBERT  S.  DIETZ 
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Rockville,  Maryland 


Abstract.    Shatter  cones  have  been  discovered  in  two  residual 
boulders  in  the  central  uplift  eye  of  the  Middlesboro  structure, 
Kentucky.    This  finding  gives  additional  support  to  the  inter- 
pretation of  Englund  and  Roen  (1S62)  that  this  is  probably  an 
astrobleme,  i.e.,  an  ancient  meteorite  impact  scar. 


In  March  1S65,  I  visited  the  three  known  cryptoexplosion  structures 
in  Kentucky,  Jeptha  Knob,  Versailles  and  Middlesboro,  to  search  for 
shatter  cones  and  other  shock-induced  effects.    Jeptha  Knob  was 
mapped  many  years  ago  by  Bucher  (1925)  and  termed  by  him  a  crypto- 
volcanic  structure.    The  other  two  have  been  identified  only  recently 
in  the  course  of  an  intensive  and  detaile'd  geologic  mapping  program 
of  the  U.  S.  Geological  Survey  and  the  State  of  Kentucky.    The  small 
circular  Versailles  struc:ure  was  located  by  Black  (1964)  near  Lexing- 
ton and  termed  a  probable  cryptoexplosion  structure.    The  Middles- 
boro Basin  structure  is  located  in  the  southeast  corner  of  Kentucky 
and  is  centered  at  the  city  of  Middlesboro.    During  my  investigation, 
shatter  cones  were  found  only  at  this  last-named  structure. 

The  Middlesboro  structure  was  mapped  in  detail  by  Englund  (1964) 
and  described  as  a  probable  ancient  meteorite  scar  or  astrobleme  by 
Englund  and  Roen  (1962).    Highly  distrubed  strata  underlie  the 
Middlesboro  Basin,  a  unique  circular  topographic  depression  in  the 
Appalachian  Plateau  country.    In  this  maturely  dissected  terrain  there 
is  normally  little  bottom  land,  so  this  basin  is  anomalous.    Nearly  all 
of  this  4-mile  diameter  circular  lowland  is  occupied  by  the  city  of 
Middlesboro.    Forming  a  central  eye  about  one-fourth  mile  across, 
there  is  an  uplifted  core  of  Lee  Sandstone,  which  is  elevated  about 
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800  feet  above  its  normal  stratigraphic  level.    The  quartz  grains  in 
this  sandstone  display  a  distinctive  type  of  cleavage  and  shattering 
similar  to  that  noted  by  Bunch  and  Cohen  (1964)  at  Barringer  Meteor 
Crater  and  at  Wabar  Crater  (Englund,  personal  communication).    Out- 
crops are  rare  in  the  central  uplift,  which  occurs  on  a  golf  course. 
The  largest  outcrop,  at  the  corner  of  the  club  house  area,  exposes 
only  a  few  square  yards  of  almost  vertically  dipping  Lee  Sandstone. 
It  reveals  patterns  of  concave  striations  suggestive  of  shatter  coning 
but  they  are  too  poorly  developed  to  make  any  definitive  identification. 
However,  several  hundred  yards  to  the  northwest  and  just  inside  the 
boundary  of  the  circular  fault  marking  the  central  uplift,  two  residual 
boulders  of  presumed  Breathitt  Siltstone  were  discovered  which  are 
intensely  shatter  coned.    This  identification  of  shatter  cones  at 
Middlesboro  is  minimal  but  nevertheless  probably  satisfactory.    The 
non-discovery  of  shatter  cones  at  Jeptha  Knob  or  Versailles  should 
not  be  construed  as  necessarily  evidence  against  their  being  astro- 
blemes;  it  remains  quite  possible  that  they  are.    At  least  a  crypto- 
volcanic  origin  seems  unlikely. 

Shatter  coning,  a  curious  type  of  shock  fracturing,  seems  to  be  a 
useful  field  criterion  for  the  identification  of  astroblemes— ancient 
meteorite  impact  scars  (Dietz  1963).    Within  the  United  States,  shatter 
cones  are  now  known  from  the  following  additional  localities:    Sierra 
Madera,  Texas;  Wells  Creek  Basin,  Tennessee;  Flynn  Creek,  Tennes- 
see; Kentland,  Indiana;  Serpent  Mound,  Ohio;  Decaturville,  Missouri; 
and  Crooked  Creek,  Missouri.    Canadian  localities  are  Sudbury, 
Clearwater  Lake  West,  Manicouagan,  and  Carswell  Lake.    Other 
foreign  localities  are  Steinheim  Basin,  Germany;  Vredefort  Ring, 
South  Africa;  and  Lake  Bosumtwi,  Ghana. 

It  is  a  pleasure  to  express  my  appreciation  to  Irving  Fisher  and 
William  Brown,  of  the  University  of  Kentucky,  and  to  Douglas  Black, 
of  the  U.  S.  Geological  Survey,  for  participating  in  this  field  investi- 
gation. 
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ABSTRACT.  A  tectonic  model  of  the  Earth  is  suggested  whereby  the  continents  and  the 
sea  floor  are  immobile  (that  is,  resistant  to  internal  deformation).  Entire  continents 
ha\e  cratonic  stability  although  they  do  drift  passively  under  the  influence  of  tectonic 
forces  originating  in  the  mantle.  The  sea  floor  is  likened  to  a  conveyor  belt,  driven  by 
thermal  convection  cells  in  the  Earth's  mantle,  so  that  it  is  movable  even  though  not 
mobile.  Prisms  of  sediment  on  the  continental  rise  are  the  principal  realms  of  oro- 
genesis. These  collapse  into  orogens  and  are  accreted  to  the  continental  block  when 
decoupling  permits  the  sea  floor  to  underthrust  the  continental  block. 

Some  geological  arguments  in  support  of  this  interpretation  are  the  following: 
(1)  Collapsed  eugeosynclinal  prisms  (fold  belts  or  orogens)  may  be  interpreted  as  re- 
sulting from  continent-sea  floor  interaction  rather  than  from  continental  collapse 
forming  tectogenes.  (2)  The  lack  of  deformation  in  Precambrian  supracontinental 
strata  of  great  antitjuity  suggests  continental  immobility  as  does  also  the  persistence  of 
ancient  circular  structures.  (3)  The  accretionery  pattern  of  North  America  is  best 
explained  in  terms  of  cratonic  stability;  even  the  deformation  of  miogeosynclinal 
belts  like  the  folded  Appalachians  is  probably  superficial,  by  decollement  not 
affecting  the  basement.  (4)  Sub-bottom  acoustic  reflection  results  suggest  that  the  sedi- 
ment layers  on  the  sea  floor  are  not  orogenically  crumpled;  however,  a  large-scale 
convevor-belt  type  of  movement  seems  likelv. 

INTRODUCTION 

Students  of  geology  have,  over  many  decades,  been  trained  in  the 
philosophy  of  great  crustal  unrest.  Terra  firma  has  been  considered  an 
illusion;  instead  the  continents  are  said  to  have  been  seized  again  and 
again  by  the  mountain-making  paroxysms.  This  view  of  intense  and  re- 
peated mobilization  has  received  considerable  criticism  and  is  no  longer 
as  popular  as  it  once  was.  In  general,  and  especially  in  Europe,  there  has 
been  a  shift  of  opinion  toward  stable  cratonic  heartlands  margined  by 
mobile  belts.  In  this  paper,  I  will  take  a  further  step  in  the  direction  of 
continental  stability  by  suggesting  that  it  is  the  "peri-margin",  the  con- 
tinental rise,  that  truly  is  the  realm  of  great  mobility. 

To  assist  the  reader  in  following  the  argument,  I  will  outline  my 
thesis  at  the  outset.  I  suggest  that  the  Earth  is  divided  into  active  and 
passive  realms  but  not  ones  that  are  areally  disposed  over  the  surface  of 
the  Earth.  Rather,  thermal  convection  in  the  Earth's  mantle  is  the  tec- 
tonic prime-mover,  so  that  geotectonics  are  controlled  by  a  two-layered 
model.  The  continents  are  passive  iceberg-like  blocks  which  may  be  rifted 
and  drifted  but  are  non-deforming.  The  sea  floor  is  entrained  by  mantle 
convection  so  that  it  is  movable,  but  it  is  not  mobile  in  the  sense  of  fold- 
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Fig.  1.   Contrasting  models  for  the  deformation  of  continents. 

A.  Interior    deformation   of    a   continent,   with    tectogene    buckling.    Continent   is 
shortened. 

B.  Marginal   deformation    of   a   continent   with   rigid   "heartland"    and    a    mobile 
border.  Continent  is  shortened. 

C.  Non-deforming  continents  with  continental  accretion  of  a  collapsed  continental 
rise  prism.  Continent  grows  larger. 

ing  or  being  deformed  into  tectogene-like  collapses.  The  interaction  be- 
tween the  moving  sea  floor  and  the  continental  block  creates  the  princi- 
pal realm  of  mobility  by  folding  and  plutonizing  the  ensimatic  conti- 
nental-rise prism. 

In  essence,  then,  I  propose  a  geotectonic  model  in  which  both  the 
continents  and  the  sea  floor  are  unyielding,  in  which  the  sea  floor  behaves 
as  a  conveyor  belt  and  the  continents  are  passively  movable  and  in  which 
continental  rises  are  subjected  to  collapse,  causing  continental  accretion. 


Sea  Floors,  and  Collapsing  Continental  Rises 
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There  are,  of  course,  many  other  models  or  "philosophies"  for  the 
general  scheme  of  Earth  tectonics.  We  may  mention,  for  example,  the 
fixed-earth  concept,  with  mountain  making  controlled  by  vertical  dis- 
placement and  gravity  tectonics,  for  which  Bucher  (1933,  1955)  was  a 
leading  advocate.  Bucher,  to  be  sure,  envisioned  compressional  shortening 
as  well,  but  Beloussov  (1958,  1960,  1962)  and  Brock  (1956)  expressed 
strictly  "verticalist"  views,  whereby  a  mega-mosaic  of  horizontally  dis- 
posed cratonic  blocks  episodically  squeezes  intervening  mobile  belts.  Such 
strict  verticalists  suggest  gravity  tectonics  as  the  prime  mover  and  find  the 
evidence  for  horizontal  shift  largely  illusory. 

My  view  is  "horizontalistic"  in  accepting  the  reality  and  importance 
of  horizontal  shifts  of  the  Earth's  crust.  I  take  issue,  however,  with  the 
two  common  models  of  geotectonism  and  propose  a  third  (fig.  1) . 

No  attempt  will  be  made  in  this  paper  to  comment  on  the  views  of 
the  verticalists.  Rather,  it  is  my  purpose  to  show  that  my  concept  is  not 
inconsistent  with  the  modern  evidence  of  continental  and  marine  geology. 
Some  basic  precepts  of  geology,  however,  must  undergo  radical  revision. 
To  this  end  the  discussion  that  follows  is  geological  in  essence.  Nature  is, 
of  course,  complex,  and  many  exceptions  to  the  broad  generalizations 
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Fig.  2.    Types  of  deformation  presumed  to  affect  movable  continents. 

A.  Passive  continental  drift  on  a  moving  mantle.  No  deformation. 

B.  Continent  decoupled  from  mantle  motion.  Accretion  to  continent  of  collapsed 
continental  rise. 

C.  Collision  of  continents  with  interleaving  of  sialic  blocks. 


180  Robert  S.  Dietz— Passive  Continents,  Spreading 

offered  will  occur  to  the  reader.  I  ask  him  to  weigh  these  generalizations 
in  terms  of  the  usual  rather  than  the  exceptional. 

Following  are  some  aspects  of  the  proposed  geotectonic  model  (see 
fig.  2): 

1.  The  oceanic  crust  is  closely  coupled  to  thermal  convection-current 
flow  in  the  mantle.  The  sea  floor  acts  as  a  conveyor  belt  with  large 
moving  sectors  bounded  by  shear  zones. 

2.  The  oceanic  Moho  is  not  a  shear  boundary  but,  following  Hess 
(1962,  p.  613)  ,  is  a  transition  from  peridotite  to  serpentinized  ultrama- 
fics  and  not  to  a  basaltic  "oceanic  layer".  Hence  this  layer  is  actually  a 
"rind"  or  partially  hydrated  phase  of  the  mantle  and  not  properly  a 
crust. 

3.  Continents  can  drift  passively  with  the  mantle  or  can  become  de- 
coupled because  of  the  buoyancy  associated  with  their  composition.  The 
Moho  beneath  the  continents  differs  from  the  Moho  beneath  the  oceans 
and  is  a  transition  from  sial  to  peridotite.  The  continental  Moho  is  a 
boundary  of  major  shearing  whereas  the  oceanic  Moho  is  not.  This  model 
does  not  imply  great  physical  rigidity  of  continents  but  isolation  from  the 
source  of  tectonic  forces  in  the  mantle.  The  continent  is  isolated  from 
sub-crustal  currents  like  the  isolation  of  scum  from  the  flow  of  water. 

4.  The  continent  is  essentially  unyielding,  except  for  minor  marginal 
effects,  so  that  the  terms  "continent"  and  "craton"  are  synonymous. 

5.  Since  the  craton  is  isolated  but  not  rigid,  it  cannot  transmit  forces 
for  long  distances;  if  it  yields,  the  deformation  is  localized  in  fractures 
or  surficial  "rugfolding"  of  miogeosyclinal  deposits.  This  accounts  for 
undeformed  platform  sediments  as  much  as  2.5  aeons  old  without  re- 
sorting to  rigid  or  fixed  continents. 

6.  The  ensimatic  sedimentary  prism  on  the  continental  rise  is  the 
principal  site  of  deformation.  When  the  continents  and  the  sea  floor  are 
decoupled,  the  prism  is  accreted  to  the  continent.  Former  accretions  that 
are  an  integral  part  of  the  continental  block  are  no  longer  affected  by 
primary  orogenic  forces. 
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CONTINENTAL  MOBILITY  AND  GEOSYNCLINES 

The  case  for  continental  mobility  is  doubtless  based  largely  on  the 
existing  chains  of  folded  mountains  plus  the  ancient  foldbelts  —  the  so- 
called  mountain  roots  of  the  Basement  Complex.  The  making  of  folded 
mountains  is  entirely  referable  to  geosynclinal  theory,  since  they  result 
from  collapsed  geosynclines.  According  to  both  the  tectogene  and  the 
mobile  continental  margin  concepts,  geosynclines  are  said  to  have  been 
laid  down  on  a  sialic  foundation,  hence  to  be  ensialic.  By  this  chain  of 
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reasoning,  folded  mountains  indicate  that  the  continental  plate  has  col- 
lapsed in  some  manner. 

The  chain  of  reasoning  just  given  is,  however,  not  an  inevitable 
path.  If  eugeosynclines,  the  type  of  geosyncline  that  is  the  precursor  of 
folded  mountains,  are  laid  down  on  sima  instead  of  sial  (Wells,  1949) , 
then  orogenic  folding  could  reflect  mobility  of  the  sima  relative  to  the 
sial. 

I  have  offered  elsewhere  a  scheme  whereby  eugeosynclines  are  ensi- 
matic  prisms  laid  down  at  the  base  of  the  continental  slope  as  continental 
rises  like  those  found  in  modern  seas  (Dietz,  1963) .  A  detailed  discussion 
of  this  concept  is  beyond  the  scope  of  this  brief  paper;  it  suffices  here  to 
present  a  time-sequence  diagram  (fig.  3)  . 

This  is  an  actualistic  concept,  since  modern  continental  rises  are 
equated  with  the  ancient  collapsed  eugeosynclinal  prisms  that  form  the 
folded  mountains  of  today.  It  fits  well  with  the  new  finding  of  marine 
geology  that  the  great  bulk  of  sediments  eroded  from  the  continents  is 
not  trapped  within  the  continental  framework  or  even  on  the  shelf  and 
the  slope.  Instead  this  detritus  is  deposited  as  a  continental-rise  prism 
at  the  base  of  the  continental  slope. 

By  this  model  folded  mountains  are  a  by-product  of  continental 
accretion,  created  while  becoming  an  integral  part  of  the  continental 
block.  It  is  not  the  margin  of  the  continent  which  is  mobilized  nor  even 
the  sea  floor;  instead,  it  is  a  prism  of  ensimatic  sediments  which  abuts 
the  continental  block.  Accordingly,  collapsed  eugeosynclines  do  not  pro- 
vide evidence  of  continental  mobility.  Not  even  the  margin  of  the  conti- 
nental block  is  mobilized;  instead  the  orogenesis  may  be  said  to  be  "peri- 
continental". 

The  crux  of  the  problem  is,  of  course,  whether  or  not  eugeosynclines 
are  really  ensimatic,  as  suggested  here.  Eugeosynclines  described  in  the 
literature  are  generally  said  to  lack  any  known  sialic  basement.  They 
characteristically  contain  pods  of  serpentine  and  ultramafics,  which  may 
be  construed  to  be  a  portion  of  the  simatic  basement  upon  which  the 
eugeosyncline  was  deposited.  Moreover,  the  appearance  of  a  certain 
amount  of  sialic  basement  is  not  in  disagreement,  since  by  my  concept 
a  continental  rise  prism  up-laps  the  continental  slope  on  its  landward 
side,  so  that  sialic  basement  would  underlie  the  inner  portion  of  a 
eugeosyncline  formed  from  a  continental  rise  prism. 

SEA  floor:  movable  but  not  mobile 
By  the  geosyncline-continental  accretion  model  advocated,  it  is  not 
necessary  to  assign  mobility,  in  the  sense  of  buckling  or  internal  defor- 
mation, to  the  sea  floor.  Orogenesis  and  continent  building  result  from 
interaction  along  the  margin  of  an  active  sea  floor  and  a  passive  con- 
tinental block.  The  sea  floor  does  need  to  be  movable  by  acting  as  a 
conveyor  belt  driven  by  mantle  convection  currents,  that  is  by  sea-floor 
spreading  (Dietz,  1961).  At  times  the  continent  may  be  coupled  with  this 
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Fig.  3.  The  geosynclinal  mountain  and  continent  building  cycle  according  to  the 
^vriter  (Dietz,  1963). 

This  actualistic  concept  suggests  that  prisms  of  sediment  under  the  continental 
rise  at  the  base  of  the  continental  slope  collapse  by  sea-floor  thrusting  to  form  folded 
mountains  of  graywacke  or  flysch  lithofacies.  By  this  interpretation  the  mobility  ob- 
served in  eugeosynclinal  mountains  indicates  activity  of  the  sea  floor  rather  than 
collapse  of  the  continental  sialic  plate.  The  sea  floor  is  active,  and  the  continent  is 
passive.  This  is  in  contrast  to  the  tectogene  hypothesis  or  to  the  island  arc-tectonic 
borderland  view  (Kay,  1951).  By  the  writer's  concept,  the  terms  continent  and  craton 
become  essentially  equivalent.  (From  Dietz  and  Holden,  in  press.) 
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conveyor  belt  and  continental  drift  will  ensue;  at  other  times  decoupling 
may  occur  along  one  margin  of  the  continent,  mobilizing  the  continental- 
rise  prism  lying  at  the  base  of  the  continental  slope. 

Ewing,  Ludwig,  and  Ewing  (1964)  and  Ewing  and  Ewing  (1964) 
have  made  extensive  sub-bottom  seismic  reflection  traverses  over  the 
ocean  floors  of  the  world.  This  excellent  reconnaissance  has  shown  the 
unconsolidated  sedimentary  layers  to  be  thin  and  undeformed,  a  result 
they  suggest  is  inconsistent  with  both  continental  drift  and  sea-floor 
spreading.  They  are  concerned  about  the  pattern  one  might  expect  in 
the  "wake"  of  a  drifting  continent.  This  is  a  proper  concern  under 
Wegener's  type  of  active  continental  drift,  but  with  passive  drift  there 
is  no  wake.  The  thinness  of  the  sediments  is  certainly  consistent  with 
drift  by  the  conveyor-belt  model,  as  this  would  have  tended  to  destroy 
all  pre-Mesozoic  sedimentary  layers. 

The  lack  of  deformation  does  not  eliminate  sea  floor  movability 
but  only  mobility  (internal  deformation).  If  the  sea  floor  spreads  in 
large  plate-like  sectors,  margined  by  shear  fracture  zones,  the  super- 
imposed sediments  would  be  carried  along  passively  without  deformation. 
The  deformation  of  the  ocean  "rind"  would  be  extremely  localized  be- 
cause of  its  close  coupling  to  the  mantle  movements  and  confined  to  the 
great  fracture  zones  of  shear  and  the  block  fracturing  of  the  mid-oceanic 
rises.  The  physiographic  diagrams  of  the  oceans  by  Heezen  and  Tharp 
(1958,  1962,  1964) ,  especially  the  diagram  of  the  Indian  Ocean,  suggest 
that  the  shear  yielding  of  the  oceanic  rind  may  have  considerable  fine 
detail,  as  seen  in  the  great  abundance  of  linear  fractures  aligned  approxi- 
mately north-south.  Nevertheless,  individual  belts  of  moving  "rind"  show 
little  indication  of  folding  or  buckling  at  the  right  angles  to  the  frac- 
ture zones  and  lineations.  Shear  fractures  are  common  in  the  ocean  basin 
structures,  and  folds  are  probably  quite  rare. 

ANNULAR  ZONATION  OF  NORTH  AMERICA 

It  has  been  recognized  for  a  decade  or  two  that  North  America  ex- 
hibits a  rude  zonation.  A  central  nucleus  of  ancient  rock  is  surrounded 
by  zones  of  progressively  younger  rocks.  This  has  been  intepreted  either 
in  terms  of  migrating  orogenic  seizures  or  as  continental  accretion  (fig.  4). 

Choosing  the  first  option  to  explain  this  zonation,  Gastil  (1960) 
suggested  that  the  roughly  concentric  arrangement  of  mineralogenic 
provinces  in  North  America  was  caused  by  the  gradual  withdrawal  of 
crustal  instability  from  the  continental  interior.  He  supposed  that  over- 
lapping and  successive  orogenies  and  their  associated  granitic  intrusions 
were  ever  more  peripheral.  Accordingly,  the  marginal  zones  were  sub- 
jected to  repeated  orogenies,  but  the  central  "eye"  perhaps  to  only  one. 
This  hypothesis  assumes  high  continental  mobility  with  the  marginal 
foldbelts  reactivated  many  times.  If  this  were  true,  the  exterior  zones 
should  be  more  intensely  metamorphosed  than  the  ancient  central  nu- 
cleus. There  is  little  evidence  for  this  as  each  foldbelt  apparently  had  a 
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Fig.  4.  Two  contrasting  concepts  explain  radiometric  dating  results  and  reveal  the 
oldest  rocks  to  be  present  in  the  central  region  of  North  America,  with  progressively 
younger  zones  toward  the  continental  margin. 

The  left  sequence  (A,  B.  C)  shows  how  earl-  orogenies  might  have  affected  the 
entire  continent,  with  subsequent  orogenies  being  ever  more  peripheral.  The  radio- 
metric date  stamped  on  a   particular  rock  zone  would  simply  mark   the  date  of  the 
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quite  similar  history,  and  they  display  similar  degrees  of  metamorphism. 
Also  the  zones  appear  to  be  quite  clean  cut  rather  than  vaguely  merging 
as  would  be  expected  under  a  scheme  of  gradually  withdrawing  oro- 
genies. 

Continental  accretion  seems  a  better  interpretation  for  North  Ameri- 
ca's zonation.  As  Pettijohn  (1943)  has  emphasized,  the  Basement  Com- 
plex is  composed  everywhere  of  "mountain  roots",  a  mesh  of  folded 
eugeosynclines;  thus  eugeosynclines  may  well  have  been  the  elements 
that  have  accreted.  By  the  geosynclinal  scheme  of  Kay  (1951)  ,  involving 
tectonic  borderlands  and  island  arcs  and  with  the  geosynclinal  prism 
being  laid  down  on  the  continent's  sialic  margin,  a  concept  of  heartland 
stability  and  marginal  mobility  results.  On  the  other  hand,  if  the  folded 
geosynclines  are  collapsed  ensimatic  continental  rises,  the  entire  con- 
tinent becomes  an  immobile  craton  which  has  not  yielded  to  orogeny  at 
all.  The  terms  craton  and  continent  become  synonymous. 

In  summary,  the  annular  zonation  of  North  America  seems  not  con- 
sistent with  any  view  that  the  continents  are  highly  deformable  or  inter- 
nally mobile.  Perhaps  the  accretionary  appearance  of  North  America 
could  be  interpreted  in  terms  of  marginal  mobility  alone  in  accordance 
with  the  borderland  type  of  geosynclinal  concept,  for  example,  of  Kay. 
This  accretionary  appearance,  however,  is  a  direct  result  of  the  hypothesis 
of  collapsing  continental  rises,  and  the  immobility  of  continents  is  a 
corollary. 

PRECAMBRIAN  EVIDENCE  FOR  UNYIELDING  CONTINENTS 

Arthur  Holmes  (1965)  recently  wrote:  'Tor  me  probably  the  most 
dramatic  and  unexpected  surprise  of  a  decade  packed  with  surprises  was 
the  announcement  of  the  great  age  of  the  Bushveld  Complex,  about 
2,000  million  years,'  and  the  consequent  realization  that  the  Transvaal 
Grovip  of  strata  must  be  still  older  .  .  .  For  over  half  a  century  the  Trans- 
vaal 'System'  was  confidently  thought  to  be  of  late  Precambrian  age  and, 
lithologically,  a  typical  representative  of  the  Algonkian  (Proterozoic) . 
Yet  it  has  turned  out  to  be  immensely  older  than  such  characteristically 
Archean  rock  sequences  as  the  Grenville  of  the  Canadian  Shield  and  the 
Svecofennian  of  the  Baltic  Shield". 

We  may  cite  some  examples  that  reveal  the  remarkable  antiquity 
of  many  Proterozoic  beds.  The  gold-bearing  Witwatersrand  beds  of  South 
Africa  were  considered  Eo-Cambrian  until  quite  recently.  The  sand- 
stones are  unmetamorphosed,  and  they  have  suffered  little  tectonism. 
Minor  sedimentary  structures  such  as  ripple  marks  and  crossbedding  are 


youngest  orogeny.  The  right  (and  preferred)  sequence  (A',  B',  and  C)  shows  how 
continental  accretion  could  account  for  the  radiometric  dating  results.  Although 
highly  diagrammatic  zone  I  intends  to  show  rocks  of  the  Superior,  Wyoming,  and 
Slave  Lake  zones  (3.0  to  2.5  b.y.);  zone  II  to  show  rocks  of  the  Churchill,  Central, 
Western,  and  Grenville  zones  (3.5  to  1.0  b.v.);  and  zone  III  to  show  rocks  of  the 
Appalachian  and  Pacific  zones  (1.0  b.y.  to  present).  (Zone  data  adapted  and  simplified 
from  Engel,  1963.) 
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excellently  preserved.  But  these  beds  have  now^  been  dated  as  2150  million 
years  old  or  more  than  three  times  as  old  as  the  Cambrian  (Nicolaysen, 
1962)  .  The  deposition  of  the  Athabaska  formation  in  Canada  has  been 
similarly  pushed  back  in  time  as  has  the  Belt  Series  in  western  North 
America.  This  is  also  true  for  the  once  supposedly  coeval  strata  of  the 
so-called  Keweenawan.  Rocks  of  this  'age'  around  Lake  Superior  are 
now  dated  as  1.1  billion  years  (King,  1959)  whereas  those  at  Sudbury 
(the  Whitewater  Series)  are  dated  as  older  than  1.6  billion  years  (Fair- 
bairn,  Hurley,  and  Pinson,  1960) .  Thus  the  elapsed  time  between  the 
deposition  of  these  two  Keweenawan  sequences  alone  is  as  long  as  all 
of  Phanerozoic  time.  These  are  but  a  few  examples;  many  more  could 
be  cited  easily. 

Holmes'  reaction  is  shared  by  most  geologists,  for  certainly  the  radio- 
metric dating  of  Precambrian  rocks  is  causing  a  revolutionary  reappraisal 
of  early  Earth  history.  For  some  this  has  been  an  agonizing  reappraisal; 
others  express  disbelief.  Some  skepticism  about  details  is  healthy,  but 
the  overall  results  must  be  correct  —  and  reappraise  we  must. 

We  may  generalize  about  these  new  dating  results  as  showing,  first 
of  all,  a  Precambrian  time-span  far  longer  than  all  expectations.  Against 
this  spectacular  unfolding  of  long  vistas  in  time  are  two  other  aspects 
relevant  to  the  discussion  here.  (1)  Most  rock  sequences  thought  to  be 
Late  Precambrian  (Eo-Cambrian) ,  simply  because  they  were  little  de- 
formed, have  been  shown  to  be  vastly  older,  even  three  or  four  times  as 
old.  (2)  On  the  other  hand,  many  Archean  or  basement  complex  oro- 
gens  ("mountain  roots")  have  turned  out  to  be  much  younger  than 
anticipated. 

Not  only  was  our  sense  of  Precambrian  time  telescoped,  but  the 
relative  ages  of  Proterozoic  and  Archean  were  badly  in  error.  This  must 
mean  that  the  degree  of  metamorphism  and  tectonic  mobilization  is  a 
poor  guide  to  antiquity.  It  also  means  that  the  great  hiatus  between 
"Proterozoic"  and  "Archean"  units  in  any  one  area  is  tectonically  pro- 
found, but  that  a  long  time  interval  did  not  necessarily  pass. 

It  was  customary  to  relegate  many,  if  not  most,  Proterozoic  beds  to 
the  Late  Precambrian  and  often  as  gradational  into  the  Cambrian.  This 
Eo-Cambrian  age  was  assigned  because  of  their  slight  metamorphism, 
lack  of  extensive  faulting,  and  almost  fiat-lying  attitude.  In  fact,  these 
sequences  seemed  to  resemble  lower  Paleozoic  beds  in  all  aspects  except 
that  they  are  without  fossils,  at  least  stratigraphically  useful  ones.  Ac- 
tually radiometric  dating  has  revealed  so  few  Late  Precambrian  dates 
(that  is,  between  1000  and  600  million  years)  that  considerable  support 
is  given  to  Walcott's  concept  of  the  Lipalian  Interval. 

We  are  faced  with  a  seeming  dilemma.  The  Precambrian  provides 
evidence  of  great  stability  on  the  one  hand  and  of  intense  orogenic 
paroxysms  on  the  other.  This  conflict  is  not  unresolvable;  we  can  account 
for  it  satisfactorily  as  follows:  Orogens  are  tectonized  only  once,  so  the 
original    age   of   plutonization    persists   through    geologic    time;    hence 
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mountain-roots  are  not  commonly  restamped  with  new  radiometric  ages. 
Ancient  age  does  not  greatly  increase  the  likelihood  of  ensialic  strata 
becoming  orogenized.  The  resistance  of  the  continental  block  to  yield- 
ing, in  fact,  permanently  protects  these  beds  from  orogenesis.  Their 
ensialic  position  rather  than  their  youth  determines  this.  On  the  other 
hand,  beds  laid  down  at  the  base  of  the  continental  slope  are  destined 
to  become  orogenized. 

The  term  Basement  Complex  is  best  interpreted  as  a  lithofacies  term 
pertaining  to  the  tightly  and  complexly  folded  wacke-type  metasediments 
and  migmatites  intruded  by  granites.  The  Archean  facies  appears  to 
represent  folded  eugeosynclinal  belts  or  the  roots  of  folded  mountains 
of  the  alpine  type  originally  laid  down  on  sima.  In  any  single  region, 
attempts  to  break  down  the  Archean  into  subdivisions  have  been  un- 
successful. This  inherent  unity  supports  the  view  that  the  Archean  is  a 
single  lithofacies  —  the  eugeosynclinal  graywacke  suite.  The  Proterozoic 
sequences  could  then  be  ensialic  stratiform  sheets  overlying  these  moun- 
tain roots  and  separated  from  them  by  an  angular  unconformity.  This 
unconformity  is  certainly  "profound"  in  degree  of  metamorphism  and 
angularity,  but  the  separation  in  time  need  not  be  long.  Although  it  is 
usually  construed  to  be  so,  radiometric  dates  fail  to  bear  it  out.  The 
Archean  beds  seem  better  interpreted  as  a  structural  facies  rather  than 
necessarily  primordial. 

Archean  beds  can  be  of  any  age  within  the  Precambrian.  The  Ep- 
Archean  unconformities  simply  are  not  synchronous.  The  lithofacies 
concept  of  the  Archean  may  even,  with  some  reasonableness,  be  carried 
forward  into  Phanerozoic  time.  The  Franciscan  suite  of  California  and 
the  Appalachian  crystalline  rocks  seaward  of  the  Blue  Ridge  would  be 
simply  latter-day  examples  of  the  "Archean"  structural  facies. 

A  better  interpretation  of  the  two-part  Precambrian  classification 
would  seem  to  be  that  the  Proterozoic  beds  were  laid  down  on  passive 
continents  not  given  to  buckling,  so  that  the  beds  are  preserved  as  rela- 
tively undeformed  and  unmetamorphosed  sheets.  On  the  other  hand, 
the  Archean  beds  represent  collapsed  continental-rise  graywacke  prisms 
laid  down  on  the  ocean  floor,  resulting  in  continental  accretion.  Once 
welded  to  the  continent  each  orogen  becomes  passive,  so  that  it  tends 
to  remain  stamped  with  the  radiometric  age  of  the  group  of  granitizing 
events  that  accompany  or  follow  shortly  after  the  collapse  of  the  eugeo- 
syncline. 

All  this  bespeaks  continental  passivity  accompanied  by  sea-floor 
thrusting.  Beds  laid  down  at  the  base  of  the  continental  slope  become 
intensely  buckled.  This  is  consonant  with  passive  continents  built  up 
of  orogenic  implacements  caused  by  sea  floor  thrusting.  Once  again,  in 
this  context,  the  terms  continent  and  craton  become  synonymous.  The 
"profound"  Ep-Archean  unconformity,  in  terms  of  angular  discordance 
and  metamorphism,  becomes  understandable  if  only  continental  rises 
are  subjected  to  mobilization. 
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I  am  inclined  to  question  the  common  belief  that  continental  rocks, 
and  especially  the  Basement  Complex,  have  been  subjected  to  repeated 
orogenies  during  geologic  time.  The  evidence  from  radiometric  dating 
seems  most  consistent  with  orogenies  followed  by  immobility  associated 
with  craton  formation.  The  collapsing  of  continental  rises  offers  a  single- 
event  mechanism  which  is  sufficient  to  account  for  the  intensity  of  the 
deformation  and  metamorphism  observed  in  the  Basement  Complex,  as 
compared  with  "Proterozoic"  and  later  ensialic  strata,  without  recourse 
to  multiple  orogenies.  At  the  same  time,  I  am  aware  that  this  brief  treat- 
ment of  orogenesis  is,  at  best,  sketchy  and  grossly  oversimplified.  A 
mountain-building  "event"  in^olves  a  complex  interplay  of  sedimenta- 
tion, volcanism,  tectonism,  and  granitization,  the  intricacies  of  which  re- 
main poorly  understood.  The  cycle  can  follow  many  paths  with  involved 
timing  of  events.  My  purpose  here  is  simply  to  suggest  that  orogenesis 
may  be  largely  pericontinental  and  ensimatic. 

CIRCULAR  STRUCTURES 

The  persistence  of  circular  structures  on  continents  provides  a  use- 
ful criterion  for  judging  the  intensity  and  the  repetitiveness  of  erogenic 
seizures.  Circular  structures  are  created  by  vertical  forces,  usually  endo- 
genic events  rising  from  the  deep  crust  or  mantle,  but  exogenic  events, 
with  the  forces  impressed  from  above,  also  produce  them  (for  example, 
astroblemes  or  meteorite  impact  scars)  . 

Endogenic  circular  structures  are  common  and  of  many  types.  Ring- 
dikes,  cone  sheets,  alkaline  complexes,  volcano  root  structures,  and 
granitic  plutons  are  but  a  few  examples.  In  spite  of  the  great  antiquity 
of  many  of  these,  they  commonly  retain  their  original  circidar  pattern 
with  no  obvious  squashing,  suggesting  that  there  have  been  no  later 
orogenies. 

Precambrian  orogenic  belts  commonly  display  zones  of  migmatites 
and  metasediments  intruded  by  rudely  circular  and  unmetamorphosed 
granites  (fig.  5)  .  The  strongly  contrasting  degree  of  metamorphism  be- 
tween the  metasediments  and  the  granite  plutons  within  the  same  orogen 
suggests  not  repeated  orogenies  but  a  single  orogenic  cycle  consisting  of 
compression  and  collapse  of  a  geosynclinal  sedimentary  prism  followed 
in  the  waning  stages  by  plutonic  intrusion.  Orogens,  once  formed,  would 
seem  to  resist  later  reniobilization.  Such  an  interpretation  is  the  simplest 
explanation  for  the  rudely  zoned  concentric  orogens  of  North  America 
as  shown  by  the  radioactive  dating  of  granitizing  events   (Engel,  1963). 

More  than  a  score  of  highly  circular  structures  have  been  identified 
on  the  Canadian  Shield,  many  of  which  appear  to  be  astroblemes  (Innes, 
1964;  Dence,  1964)  .  Some  of  these  are  filled  with  undisturbed  early 
Paleozoic  sediments  indicating  that  the  shield  has  not  been  subjected  to 
orogenic  failure  at  least  in  Phanerozoic  time.  The  non-deformation  of 
the  Canadian  Shield  since  the  Precambrian  is  now,  of  course,  a  widely 
accepted  conclusion  for  other  reasons  as  well. 
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Fig.  5.  Metasediinents  intruded  l^y  plutons  in  the  old  Precambrian  basement  of 
South  Africa  (after  Macgregor,  1951). 

Zones  of  old  Basement  Complex  rock  commonly  consist  of  irregularly  shaped  areas 
of  metasediments  which  occupy  the  spaces  between  rudely  circular  and  often  unmeta- 
morphosed  granitic  plutons.  It  is  well  established  that  these  intrusions  occur  in  the 
later  part  of  the  geosynclinal  cycle.  Since  the  granites  are  little  altered  by  metamor- 
phism  and  retain  their  original  circular  form,  it  would  appear  that  only  a  single 
orogeny  has  seized  the  geosynclinal  zone  and  that  the  observed  metamorphism  of  the 
sediments  largely  occurred  in  the  early  phase  of  the  deformation  by  the  original 
geosyncline. 

A  fine  example  of  a  circular  structure  is  the  Vredefort  ring  of  South 
Africa,  about  70  kilometers  across.  The  Vredefort  event  occurred  not  in 
the  late  Precambrian  as  formerly  supposed  but  about  2000  million  years 
ago  (Nicolaysen,  1962)  .  Its  retention  of  circularity  provides  proof  that 
this  part  of  South  Africa  has  not  been  orogenically  deformed  since  early 
Precambrian  time. 


MARGINAL  YIELDING  OF  THE  CONTINENTAL  BLOCK 

Although  I  doubt  that  continents  collapse  to  form  tectogenes,  I  do 
not  intend  to  imply  that  they  are  wholly  unyielding.  Marginal  portions 
of  a  continental  block  seems  especially  to  be  subjected  to  a  certain 
amount  of  surficial  folding  and  perhaps  thickening.  Thus  with  the  em- 
placement of  the  crystalline  Appalachians,  presumably  by  the  collapse 
of  a  continental  rise  in  late  Precambrian  and  early  Paleozoic  time,  the 
sedimentary  Appalachians  lying  to  the  west  and  resting  on  the  conti- 
nental block  were  sympathetically  folded.  The  eugeosynclinal  crystalline 
Appalachians  appear  to  have  been  the  primary  mountains  whereas  the 
miogeosynclinal  folded  Appalachians  seem  merely  a  secondary  effect.  This 
is  in  accord  with  my  premise  that  sima  is  active  while  sial  is  passive.  The 
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Fig.  6.  A  representation  of  a  portion  of  the  Appalachian  Mountains  at  present. 
The  crystalline  Appalachians  (to  the  right)  are  a  highly  deformed  and  plutonized 
mass.  These  are  presumed  to  have  been  laid  down  on  the  ocean  floor  sima  so  that 
their  tectonic  complexity  reflects  sea  floor  movement.  The  folded  Appalachians  (to  the 
left),  laid  down  on  the  continental  sial,  were  protected  from  intense  orogenization  by 
continental  immobility.  Hence  the  miogeosynclinal  mountains  are  only  moderately 
folded  in  response  to  forces  impressed  by  the  crystalline  Appalachians  and  gravity 
tectonics. 


eugeosyncline,  laid  down  on  the  sea  floor  as  a  sedimentary  prism  on  the 
continental  rise,  was  severely  collapsed  and  plutonized  whereas  the  mio- 
geosyncline,  deposited  as  a  monocline  on  the  continental  terrace,  was 
protected  from  major  mobilization  by  the  underlying  sialic  block,  and 
was  only  subjected  to  minor  folding. 

An  opinion  gaining  increasing  support  is  that  there  is  no  compres- 
sional  shortening  of  the  continental  block  beneath  the  folded  Appala- 
chians (Rodgers,  1964)  .  The  folding  is  considered  to  be  "carpet  folding" 
over  an  unyielding  basement.  Accordingly,  the  continental  block  pro- 
vided a  completely  unyielding  foreland  when  the  crystalline  Appala- 
chians were  orogenically  emplaced   (fig.  6). 

The  deformation  that  seems  to  have  affected  the  North  American 
continent  differs  from  the  Tethyan  deformation  exemplified  by  the 
Himalayas.  The  tectonics  there  seem  to  suggest  a  continental  collision 
of  India  against  Asia.  The  Himalayan  Plateau  is  about  as  high  as  the 
oceans  are  deep.  Assuming  that  isotasy  prevails,  the  sialic  layer  should 
be  about  70  kilometers  thick  instead  of  the  usual  35  kilometers.  This 
elevation  may  be  explained  by  the  interleafing  of  two  continental  plates 
(fig.  IC)  or  by  the  Indian  plate  underthrusting  the  Asian  plate. 

Examples  of  mobilization  of  the  central  region  of  a  continent  can 
be  cited,  but  at  least  some  of  these  may  be  illusory.  The  Sudbury  struc- 
ture, probably  a  basin  filled  with  an  extrusive  lopolith,  may  be  taken 
as  a  case  in  point  (fig.  7) .  This  structural  basin  is  1700  million  years 
old  and  was  formed  on  a  craton  which  is  about  2200  million  years  old. 
The  genesis  of  the  structure,  whether  it  is  a   tectono-volcanic  feature 
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(Speers,  1957)  or  an  astrobleme  (Dietz,  1964),  is  not  critical  to  this  dis- 
cussion. The  essential  point  here  is  that  the  Sudbury  basin  apparently 
was  tectonically  compressed  about  1100  million  years  ago,  from  an  ori- 
ginal circular  form  into  its  present  squashed  or  oval  shape,  by  orogenic 
forces  transmitted  from  the  Grenville  province  on  the  southeast.  Ac- 
cordingly it  might  be  argued  that  this  is  an  example  of  the  internal 
tectonic  yielding  (the  deformation  was  not  sufficient  to  term  this  a  col- 
lapse) of  the  continental  block.  However,  given  the  assumption  of 
continental  accretion,  we  can  interpret  this  as  marginal  yielding  of  the 
continental  block.  The  Grenville  rocks  probably  are  a  peripheral  em- 
placement against  the  older  portion  of  the  Canadian  Shield.  The  Gren- 
ville orogeny  occurred  about  1100  million  years  ago.  If  we  subtract  the 
Grenville  zone,  then  the  squashing  of  the  Sudbury  Basin  occurred  within 
a  few  miles  of  the  continental  edge  and  not  within  the  central  heartland 
of  a  continent.  The  Sudbury  example  is  still  in  general  accord  with  the 
thesis  of  continental  immobility. 


Fig.  7.  The  Sudbury  structure  in  Canada  may  provide  an  example  of  an  original 
circular  basin  which  was  somehow  impressed  on  the  continental  plate  1.7  billion  years 
ago  and  later  was  moderately  deformed.  Quite  likely  it  was  near  the  continental  mar- 
gin at  that  time  and  remained  so  until  the  Grenville  accretion  took  place  1.0  billion 
years  ago.  Although  the  Sudbury  structure  was  formed  on  the  immobile  crust,  some 
folding  and  thrusting  was  caused  by  the  proximity  to  the  Grenville  orogeny,  much 
as  the  folded  Appalachians  were  affected  by  the  emplacement  of  the  crystalline 
Appalachians. 
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CONCLUSION 

New  knowledge  concerning  the  ocean  floor  structure  and  the  collapse 
of  the  traditional  Precambrian  stratigraphic  edifice  calls  lor  reappraisal 
of  our  standard  geotectonic  concepts.  I  have  attempted  to  show  here 
that  we  can  adapt  to  the  new  observations  by  assuming  a  model  for  geo- 
tectonism  based  upon  an  active  mantle,  which  entrains  the  sea  floor, 
and  a  passive  sialic  crust.  This  in  turn  implies  the  assumption  of  thermal 
convection  in  the  mantle,  which  remains  an  unproven  but  highly  useful 
concept.  A  two-layer  pattern  of  tectonism  results,  which  is  based  on  the 
difference  of  chemical  composition  between  the  continental  crust  and  the 
oceanic  sector.  Transcurrent  faulting  and  rifting  become  dominant  modes 
of  failure,  emphasizing  the  importance  of  horizontal  primary  forces, 
^vhich  are  not  an  illusion  as  the  verticalists  sometimes  contend.  Passive 
continental  drift  is  permissable  by  the  model  and  in  fact  expected.  Con- 
tinents are  nondeformable  on  the  scale  of  their  entire  thickness  (that 
is,  a  tectogene)  .  The  sea  floor  does  not  yield  by  folding  or  net  shortening 
but  does  show  differential  movement  in  the  fracture  zones  bounding 
strips  or  blocks  of  ocean  floor.  The  collapsing  of  continental  rises  by  the 
interaction  of  the  movable  sea  floor  with  the  continental  blocks  provides 
the  principal  realm  of  mobility  and  the  basic  substance  of  orogens. 
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MARINE  GEOLOGY 

hif  Dr.  Robert  S.  Dietz,  oceanoffraphcr. 
Institute  for  'Oceanography,  Environ- 
mental Science  Services  Administration 

Geological  oceanography  is  the  study 
of  the  ocean  floor,  the  oceanic  crust,  and 
the  processes  acting  thereon.  Its  pur- 
view includes  the  shnrehne,  the  conti- 
nental shelf,  and  the  abyssal  ocean  floor 
—the  world's  extensive  "third  surface." 

The  early  marine  geologist":  were  land 
geologists  who  went  to  sea— usually  in 
yachts  as  a  rich  man's  hobby.  But  this 
has  all  changed  and  we  seem  to  be  on 
the  verge  of  a  major  outburst  of  growth 
and  blossoming  of  marine  science.  As 
one  in  the  field  for  three  decades,  I 
observe  this  new  expansion  with  a  mix- 
ture of  hope  and  dismay. 

The  breakthroughs  in  any  field  of 
science  are  paced  bv  the  developments 
of  new  instruments  and  techniques.  In 
marine  geology  some  significant  recent 
deveolpments  have  been  the  application 
of  scuba  diving  permitting  the  scientist 
himself  in  situ  shallow-sea-floor  observa- 
tions and  measurements. 

Another  development  has  been  rapid 
perfection  of  sub-bottom  continuous 
acoustic  reflections  for  resolving  the 
structure  of  die  oceanic  rind.  In  the 
near  future,  the  scientific  emplovment 
of  URV's  (undersea  research  vehicles) 
will  stimulate  a  new  c\cle  of  dis- 
coveries. 

In  its  early  years,  geological  ocea- 
nography was  considered  simply  an  ex- 
trapolation of  land  geology.  It  was  nat- 
ural, for  example,  but  erroneous,  to  en- 
vision submarine  canyons  as  simply 
drowned  river  valleys.  The  ocean  is  the 
realm  of  its  own  peculiar  oceanic 
processes.  The  deep-ocean  floor  is  a 
world  apart,  as  unlike  the  continents 
as  both  regions  are,  in  turn,  unlike 
the  moon's  surface. 


To  a  first  approximation,  sea-Hoor 
geology  is  mantle  (simatic)  geology, 
while  continental  geology  is  crustal 
(sialic)  geology.  The  ocean  basins  are 
windows  to  the  mantle— a  "Mohole,"  so 
to  speak,  as  big  as  the  oceans  are  wide. 
In  geology  it  has  been  the  custom 
to  ignore  the  mantle  or  to  speak  vaguely 
of  "deep-seated  forces."  The  mantle  now 
appears  to  be  the  site  of  these  elusive 
forces  which  we  now  can  study  first 
hand  on  the  ocean  floor— or  at  least 
looking  through  2!:  miles  of  water  is 
simpler  than  seeing  through  20  miles 
of  granitic  continental  crust.  The  mid- 
ocean  rises  with  the  central  rifts,  and 
the  trenches  are  examples  of  this  sea 
floor  expression  of  mantle  activity.  Pre- 
sumably, they  reflect  theitnal  convection 
circulation  in  the  mantle.  This  circula- 
tion invades  and  entrains  the  ocean  floor, 
causing  sea-floor  spreading  and  con- 
veyor-belt tectonics. 

Geological   oceanography   is   peculiarly 
an   American   discipline.    Certainly   there 
are  more   marine   geologists    in   America 
than  in  the  rest  of  the  world  combined. 
In    part,    this    reflects    the    worldwide 
scientific   gap   whereby   scientifically   ad- 
vanced countries  are  becoming  more  so 
while    those    formerly    standing    still    re- 
main   in    the    doldrums.    It   also    reflects 
the    early    development    in    the    United 
States  of  broad  spectrum  oceanographic 
institutes  which,  unlike  Europe,  did  not 
specialize  whoUy  in  biological  or  physi- 
cal  oceanography.   And,   in  part,   it   has 
been    the    result    of    great    teachers    like 
Francis  P.  Shepard.  □ 


12 


r  R  A  hj  s  A .   1 1  c )  n ', 


LUriAR    GFO  LOGICAL    FIELD    COrJFERFNCF 


Bend,    Oietjoti 
Augus^  22  to  Aucjuit  27,    1965 


Sponsored  by 
University  oF  Oregon  Department  oF  Geology 
and 
The  New  York  Academy  oF  Sciences 


1966 


Published  b 


y 


State  oF  Oregon  [department  oF  Geology  and  Mineral   Industries 

in  cooperation  with 

State  oF  Oregon  Division  oF  Planning  and  Development 

State  OFFice  Building 
Portland,   Oregon     97201 


SHATTER  CONES  AND  ASTROBLEMES 

Robert  S.  Dietz  ' 

Institute  of  Oceanography,   ESSA,  Washington,  D.  C. 


ABSTRACT 

Seventeen  shatter-coned  cryptoexplosion  structure  sites  are  now   known  from  around  the  world,    including  some 
not  fully  confirmed.     A  review  of  their  characteristics  reinforces  the  belief  that  shatter  cones  are  stigmata  of  astro- 
blemes  —  ancient  meteorite  impact  scars.     Lately  several  other  types  of  conical  structures  have  been  confused  with 
shatter  cones,  so  an  effort  has  been  mode  here  to  differentiate,   in  the  writer's  opinion,    these  pseudo-shatter  cones. 


Introduction 

Since  1947,   I  have  attempted  to  establish  shatter -coning  as  a  criterion  for  astroblemes,  ancient  meteor- 
ite impact  sites.     No  attempt  will  be  mode  here  to  review  this  subject  as  my  opinions  on  its  many  varied 
aspects  have  already  been  covered  in  several  papers   (Dietz,   1947;    1959;  1960;    1961a;  1961b;  1963; 
1964;  and  Dietz  and  Butler,   1964).     Suffice  it  to  say  my  reasoning  has  been  that  shatter  cones  are  a  pe- 
culiar type  of  fracturing  caused  by  intense  shock  waves  and  their  orientation  is  such  that  the  shock  waves 
arrived  from  above.     This,   in  turn,  suggests  their  creation  by  meteorite  impact,   but  an  intra-terrestrial 
origin  cannot,  of  course,  be  entirely  ruled  out  as  yet.    We  are  still  faced  with  the  problem  of  identify- 
ing a  definitive  astrobleme — perhaps  by  the  eventual  discovery  of  associated  meteorite  debris  or  other 
compelling  evidence.    However,  I  feel  that  we  ore  rapidly  closing  in  on  the  problem  and,  with  reference 
to  the  Meteor  Crater,  Ariz.,  story,  are  "in  the  twenties."    It  will  be  recalled  that  40  years  passed,  1890 
to  1930,  before  Meteor  Crater  received  general  scientific  acceptance  as  a  bona  fide  meteorite  crater. 
But  once  this  prototype  was  established  several  others  were  quickly  identified  around  the  world  by  the 
argument  of  analogy. 

The  shatter-coning  phenomenon 

Shatter  cones  are  striated  cup-and-cone  structures,  most  common   in  carbonate  rocks  but  also  known 
from  shale,  sandstone,  quartzite,  granite,  and  so  forth.    The  striated  surfaces  radiate  from  a  small  para- 
sitic horsetail -I  ike  half-cone  on  the  face  of  the  master  cone —  a  pattern  which  serves    to  differentiate 
these  striations  from  the  parallel  grooving  of  slickensides.    Unlike  slickensides,  shatter  cones  also  have 
positive  faces  on  the  cone  and  negative  faces  on  the  cup.     The  apical  angle  varies  but  is  usually  close  to 
90°  .     Cones  vary  greatly  in  size  from  less  than  1  cm  to  as  much  as  12  m  in  length.     With  shatter  cones, 
"a  picture  is  worth  a  thousand  words"  so  some  examples  are  shown  in   Figures  1  through  4. 

An  illuminating  theoretical  study  of  shatter-coning  recently  has  been  made  by  Johnson  and  Talbot 
(1964).     They  conclude  that  shatter  cones  are  shock-fractures  formed  along  an  interface  between   plastic 
and  elastic  rock  response.  The  horsetail-like  striations  may  be  caused  by  the  plastic  domain  moving  rel- 
ative to  an  elastic  domain.     They   point  out  that  no  other  known  type  of  fracture  displays  this  remarkable 
pattern  of  radiating  ridges  and  grooves  which  adds  credence  to  the  judgment  that  shatter  cones  resultfrom 
some  unusual  type  of  fracture  mechanism.     They  conclude  that:      (1)  Shatter  cones  are  produced  as  a  re- 
sult of  the  interaction  of  an  elastic  precursor  in  a  shock  front  with  an  inclusion  or  Inhomogeneity;    (2) 
the  susceptibility  to  shatter-coning  is  a  function  of  the  shape  of  the  Hugoniot  of  the  rock  in  which   the 
shock  wave  is  propagating;    (3)   shatter-cone  formation  requires  shock-wave  strength  of  such  a  magnitude 
rarely  produced    (if  ever — author's  note)    in  a  volcanic  explosion;    (4)   the  distribution  of  shatter  cones 
should  be  symmetrical ,  about  the  point  of  origin  of  the  shock  wave;    (5)    if  the  transmitting  medium    is 
stratified  rock,   certain  strata  may  contain  shatter  cones,  while  others  may  not,  depending  on  the  suscep- 
tibility of  the  individual  strata  to  shatter -coning;    (6)  shatter  cones  will  be  oriented  with  their  axes 
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Figure  3.     A  shatter  dolomite  slab  fiom  the  Sierra  Madera 
structure,   a  presumed  astrobleme  in  Texas.     Note 
the  common  orientation  of  the  cones  and  the  horse- 
tall  effect  which   is  the  hallmark  of  shatter  cones. 


Figure  1  .  A  large  block  of  shatter-coned  Knox  dolomite 
from  the  center  of  the  Wells  Creek  crypto-exploslon 
structure  in  Tennessee.  Note  common  orientation  of 
the  cone  axes . 


Figure  2.     Shatter  cone  in  Ordovicion  dolomite  from  the 
Kentlond  presumed  astrobleme  in  Indiana.     Note  the 
horsetail -like  pnckets  on  the  master  cone,    the  most 
distinctive  aspect  of  shatter  cones.     Note  also  that 
weathering  (left  side)  destroys  surficlal  detail    un- 
like,  for  example,   in  the  pseudoshotter  cones  from 
Cerro  Colorado,    N.M.,  where  the  rugosity  appar- 
ently   has  been    created  by   weathering    (compare 
Elston  and  Lambert,    1965). 


Figure  4.  A  group  of  large  shatter  cones  in  Mlssissagi 
quortzite  in  the  up-turned  ring  along  the  southern 
border  of  the  Sudbury  structure.  When  these  rocks 
are  returned  to  their  presi'Tied  pre-event  position, 
the  cones  point  inward  toward  ground  zero  at  the 
center  of  the  Sudbury  lopolith. 
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Table  1  .     List  of  known  shatter-coned  structures. 


No. 


Structure  Location 


Date 


First  Published 
Reference 


Notes 


1  Steinheim  Basin  Germany 


1905 


Branca  &  Frass 


2 

Kentlond 

Indiana 

1933 

Shrock  &  Malott 

3 

Bosumtwi  Crater 

Ghana 

1934 

Rohleder 

4 

Wells  Creek  Basin 

Tennessee 

1936 

Bucher 

5 

Crooked  Creek 

Missouri 

1954 

Hendriks 

6 

Serpent  Mound 

Ohio 

1960 

Dietz 

7 

Flynn  Creek 

Tennessee 

1960 

Dietz 

8 

Sierra  Madera 

Texas 

1960 

Dietz 

9 

Vredefort  Ring 

South  Africa 

1961 
1961a 

Margraves 
Dietz 

10 

Decaturville 

Missouri 

1963 

Dietz 

11 

Carswell  Lake 

Canada 

1964 

Innes 

12 

Clearwater  Lake 

West 

Candda 

1964 

Dence 

13 

Sudbury 

Canada 

1964 

Dietz 

14 

Middlesboro 

Kentucky 

In 

press 

Dietz 

15 

Manicouagan 

Canada 

Unpublished 

Dence  &  Manton 

16 

Nicolson  Lake 

Canada 

Unpublished 

Dence 

17 

Glosse's  Bluff 

Australia 

Unpublished 

Crook  &  Crook 

Elegant  shatter-coning .     Coesite 
stishovite  and  meteoritic  spherules 
in  "sister"  Reis  Basin  structure. 
Coesite.     Formerly  excellent 
shatter  cones . 
Needs  reconfirmation. 
Excellent  shatter  cones. 
Fair  shatter  cones. 
Fair  shatter  cones.     Coesite  re- 
ported but  needs  confirmation. 
Shatter -coning  poorly  developed. 
Excellent  shatter-coning. 
Grand  scale  shatter-coning. 

Fair  shatter-coning. 
Poorly  known . 
Shatter -cone  development 
poorly  known . 
Excellent  cones . 
Poor  cones. 
Poorly    known. 

(?) 

"Abundant  shatter  cones." 


directed  toward  the  point  of  impact  or  explosion;  (7)  it  is  impossible  to  predict  the  size  of  shatter  cones 
in  terms  of  present  theory;    (8)   the    majority  of  shatter  cones  will  have  apical  angles  very  close  to  90°; 
(9)    the  intensity   of  shatter-coning  will  depend  upon  the  number   of  inclusions  in  the  rock;    (10)    fine- 
grained homogeneous  rock  will  favor  shatter -cone  formation. 

The  Johnson  and  Talbot  analysis  is  in  accord  with  many   field  observations:   (1)  Shatter  cones  gener- 
ally seem  to  be  oriented  toward  ground-zero  which  means  that  the  shatter-coning  event  instantaneously 
preceded  the  plastic  upheaval  of  the  rocks.    (2)  In  small  shatter -coned  structures,   the  shatter  cones  are 
developed  in  the   central  bulls-eye,    but  in  large  ones  such  as  Vredefort  and  Sudbury  they  occur  far  out 
in  the  upturned  ring.     This  is  consistent  with  shatter-coning  not  being   developed  in  the  domain   of   the 
plastic  shock  wave    but  only  after  the  impulse   has  degenerated  to  the  level  where  any  elastic  precursor 
shock-wave  is  formed.    (3)  Impactite  and  mineralogicol  transformations  (coesite,  stishovite,   maskelyn- 
ite,  and  so  forth)  seem  not  to  be  associated   with  shatter  cones   suggesting  instead  that  they  ore  formed 
some  distance  from  the  most  intense  shock  overpressures,  probably  where  the  pressure  ranges  from  100  to 
20  kilobars   depending   upon  the   Hugonlot  of  the   rock.      However,    using   the   ratio   of  asterism   to    line 
broadening  on  x-ray  diffraction  patterns  made  on  single  crystalsof  mostly  either  quartz  orcalcite,  Simons 
and  Dachille   (1965)  have  found  evidence  of  crystallite  damage  presumably  owing  to  shock  damage   in 
several  shatter  cones  provided  by  the  author.    Carter  (1965)  has  also  found  basal  quartz  deformation    lam- 
ellae in  a  shatter  cone  from  Vredefort  Ring.    He  has  noted  the  same  effect  at  Meteor  Crater  and  he  sug- 
gests that  impact  shock  overpressures  between  35  to  60  kilobars  are  indicated. 

Johnson's  and  Talbot's  analysis  is  tfie  first  attempt  to  provide  a  sound  theoretical  basis  for  the  shatter- 
coning  phenomenon.    Undoubtedly  their  conclusions  will  be  revised  as  further  study  is  made  but  it  is  cer- 
tainly  a  good  beginning.    To  date  experimental  work  and  theoretical  analysis  on  shatter-coning  has  been 
quite  limited  so  that  empiricism  still  rules — a  gap  which  should  be  eliminated.    However,  the  work  done 
thus  far  generally  has  added  support  to  the  belief  that  shatter  cones  may  well  be  stigmata  of  astroblemes. 

Distribution  of  shatter-coned  sites 

My  preference  for  the  astrobleme  interpretation  of  shatter-cone  sites  is  based  upon  an  assessment  of 
all  known  localities  where  such  fracturing  is  found.  This  number  has  increased  in  recent  years  from  a  few 
to  several,  and  currently  to  1  7  known  sites  around  the  world.    These  are  listed  in  Table  1 ,  chronologically 
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by  time  of  discovery.      At  the  time  of  my  summary  paper  of  less  than  a  decode  ago    (Dietz,   1959)   only 
four  sites  were  known.     Little  can  be  learned  from  any  single  site  but  taken  together  an  impact  origin 
provides  the  best  answer.     For  example,   the  proponent  of  cryptovolcanism  might  reasonably  explain  away 
the  lack  of  any  hydrothermal  effects  or  volcanic  products  at  any  particular  site  but  not  collectively  at 
all  shatter -coned  structures.     Similarly  he  might  reasonably  explain  the  upward  orientation  of  shatter 
cones  in  some  particular  site  by  the  explosion  of  a  steam  pocket  which  was  trapped  above  the  presently 
preserved  structure;  but  this  is  not  convincing  when  it  can  be  shown  that  an  upward  or  inward  orientation 
is  the  general  situation.     Of  course,   this  reasoning  depends  upon  there  being  only   one  cause  for  shatter- 
coning. 

As  already  noted,   the  identification  of  shatter-coning  can  be  problematical.     I  have  always  tended 
to  consider  the  shatter  cones  at  Flynn  Creek  to  be  not  as  fully  confirmed  as  those  which  I  have  collected 
elsewhere.     They  are  of  rather  marginal  quality.     However,   Roddy    (1963  and  personal  communication) 
who  is  mapping  the  structure  in  great  detail  assures  me  that  Flynn  Creek  is  definitely  shatter-coned  in  its 
center  although  there  is  a  very  limited  outcrop  area  of  shatter-coned  rock.     The  Canadian  "fossil    meteor- 
ite craters"   of  Beals  and  his  associates  were  worked  upon  for  many  years  without  any  shatter-coning  be- 
ing observed.     But  lately  they  have  been  found.     They  recently  have  been  reported  from  Carswell  Lake 
by  Innes    (1964);  from  Clearwater  Lake  West  by  Dence    (1964);    from  Manicouagan,  where  they  have  been 
discovered  by  Dence  and  Manton,   marginal  to  the  large  central  uplift   (personal  communication),      lean 
personally  add  confirmation  to  those  from  Carswell  Lake  and  Clearwater  Lake  West  as  being  rather    poor 
but  nevertheless  probably  genuine  examples  of  shatter  cones  so  tar  as  one  can  judge  from  seeing  a  hand 
specimen.     They  are  developed  in  gneiss;   such  coarsely  crystalline  rocks  tend  not  to  display  the  phenom- 
enon in  fine  detail.     Both  of  these  identificationswere  made  by  observers  well  acquainted  with  the  shat- 
ter coning  phenomenon  elsewhere.     Still  another  new  Canadian  locality  for  shatter  cones  apparently  Is 
Nicholson  Lake,    N.W.T.    (Dence,   personal  communication).      Nicholson  Lake  is  an  irregularly  shaped 
lake  approximately  seven  miles  in  diameter  forming  part  of  the  Dubawant  River  drainage  system.     The 
deformation  affects  Precambrlan  granitic  rocks.     Reconnaissance  geological  and  geophysical  work  during 
June  1965  is  said  to  strongly  support  a  meteoritic  origin. 

A   most  interesting  new  shatter-coned  site  has  been  discovered  in  Australia,   the  first  from  that  con- 
tinent   (Crook,   personal  communication).      This  structure  is  Glosse's  Bluff  in  the  Amadeus  Basin  about  150 
miles  west  of  Alice  Springs.     It  has  Ordoviclon  in  the  core  and  Devonian  in  the  surrounding  ring  syncline. 
Crook  reports  shatter  cones  as  abundant  and  the  rock  in  the  core  is  brecciated  to  a  depth  of  at  least  3000 
feet  below  the  surface.     A  photograph  of  one  of  these  striated  conical  surfaces  sent  to  me  appears  to   be 
probably  a  genuine  shatter  cone  although  one  cannot  be  fully  certain  from  a  photo  alone.     The  diameter 
of  the  structure  is  about  2.5  miles,   this  distance  being  measured  from  outer  wall  to  outer  wall  of  thebluff 
which  rises  roughly  from  the  surrounding  plain.     However,   this  topographic  relief  marks  only  the  central 
portion  of  the  structure  and  the  true  diameter  may  be  in  excess  of  four  miles.     A  complete  description  by 
Crook  and  Cook  will  be  published  eventually. 

The  early  description  of  shatter  cones  from  the  Lake  Bosumtwl  Crater  by  Rohleder  (1934)  provides  a 
possible  tie  with  a  highly  probable  modern  meteorite-crater  Instead  of  a  cryptovolcanic  feature.    Further 
evidence  for  Its  Impact  origin  Is  Indicated  by  coeslte-bearing  Impactlte  found  at  Lake  Bosumtwl   (Littler 
and  others,    1961).    Rohleder's  description  Is  brief  and  Is  supported  only  by  a  poor  sketch.    But  his  iden- 
tification Is  probably  valid  as  he  was  immediately  struck  by  the  similarity  of  these  fractures  with  those 
he  knew  of  at  Stelnhelm  Basin    in  Germany.     However,  on  recent  visits  both  Monod  and  Chao  (personal 
communication)  have  been  unable  to  confirm  their  presence  so  some  further  study  of  this  question  Is  sorely 
needed.     A  possible  shatter-coned  piece  of  Coconino  sandstone  from  Meteor  Crater,  Arizona,  found  by 
Chao  and  noted  by  Dietz  (1963)   Is  also  questionable  and  cannot  really  be  admitted  as  evidence   for 
shatter-coning  in  a  modern  meteorite  crater. 

Pseudo-shatter  cones,   in  writer's  opinion 

As  already  noted,  the  shatter-coning  phenomenon  can  be  beautifully  developed  as  in  the  carbonates 
at  Stelnhelm  Basin  or  at  Wells  Creek  Basin,  or  it  can  degenerate  to  the  point  where  it  is  difficult  to  dif- 
ferentiate it  from  common  types  of  rock  fractures.  The  so-called  slickensides  found  in  some  meteorites 
of  the  brecciated  chondrlte  class  may  be  closely  related  to  shatter-coning  (Dietz,  In  press,  b).  On  the 
other  hand,  many  other  structures  of  conical  form  have  been  confused  with  shatter  cones.  Among  these 
we  may  list:  cone-in-cone;  coal  cones;  the  "striated  cones"  of  Cerro  Colorado  in  New  Mexico;  and  the 
fibrous  crystalline  conical  habit  such  as  found  In  the  zeolite  mineral  pectolite.     Of  course,  all  natural 
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cones  are  not  necessarily  shatter  cones  just  as  all  spherical  rocks  ore  not  necessarily  concretions.   Some 
discretion  must  be  used  in  identifying  shatter  cones  but,   when  well  developed,   shatter-coning  invites 
no  confusion.     Nonconical  but  striated  surfaces  have  also  been  confused  with  shatter  cones  especially 
slickensides,   plumose  fracturing  and  styolites,   but  apparently  never  by  those  well  acquainted  with  true 
shatter  cones . 

Bucher    (1963)   has  described  alleged  "double  shatter  cones"  in  bituminous  coal  from  West  Virginia. 
In  my  opinion  such  coal  cones  ore  not  shatter  cones  although  they  bear  fairly  close  superficial  resem- 
blance.     They  were  first  described  in  the  19th  century    (Garwood,    1892;    Gresley,    1892).  Tarr    (1932) 
describes  these  coal  cones  as  a  diagenetic  structure  related  to  cone-in-cone,   but  presumably  of  some- 
what different  origin.     Price  and  Shaub    (1963)   describe  this  "cone-in-cone"  from  West  Virginia  coal  in 
some  detail  concluding  that  they  are  pressure  cones  caused  by  loading  or  tectonic  stress.     They  compare 
them  to  the  cones  which  can  be  generated  in  a  cylinder  of  any  brittle  material    (such  as  a  cement  pi  1 1 ar) 
by  shearing  through  axial  compression.     Unfortunately  the  specimens  studied  were  picked  out  of  a  coal 
bin  and  never  seen  in    place  which  seriously  hampers  understanding  them.     Whatever  their  origin,   how- 
ever,  these  coal  cones  rather  clearly  are  not  shatter  cones  and  should  not  be  confused  with  them. 

In  a  treatment  which -is  difficult  for  me  to  understand,   Amstutz    (1965)   has  decided  that  the  shatter 
cones  present  at  both  the  Decaturville  and  Crooked  Creek  structures  in  Missouri  are,   in  fact,   not  shatter 
cones  at  all  .     This  is  in  marked  contrast  with  the  general  consensus  of  opinion,  which  I   share,   that  both 
of  these  cryptoexplosion  structures  contain  without  question  bona  fide  shatter  cones.     In  Amstutz'  view, 
the  cones  at  Crooked  Creek  are  of  a  diagenetic  type  related  to  cone-in-cone  while  those  at  Decaturville 
were  somehow  created  by  the  regional  tectonic  stiess  field.     In  November  1965,    I  participated  with  about 
75  other  geologists  in  a  Geological  Society  of  America  field  trip  through  Missouri  which  visited  these 
two  cryptoexplosion  structures.     In  the  discussions  which  ensued,   no  one  questioned  the  conical  structures 
found  In  the  central  eye  of  both  of  these  cryptoexplosion  structures  as  being  other  than  bona  fide  shatter 
cones.     Of  course,    there  was  by  no  means  any  universal  agreement  with  my  contention  that  these  struc- 
tures are  astroblemes. 

Elston  and  Lambert    (1965)   have  described  what  they  consider  to  be  possible  shatter  cones  in  a  vol- 
canic vent,   Cerro  Colorado  near  Albuquerque  in  New  Mexico.      Recognizing  that  these  features  are 
somewhat    (at  least!)   different  from  normal  shatter  cones,  they  have  termed  these  "striated  cones."  They 
claim  that  there  are  no  objective  criteria  by  which  shatter  cones  can  be  distinguished  from  their  striated 
cones.     They  do  note  the  greater  coarseness  of  the  largest  striae  on  striated  cones  from  Cerro  Colorado, 
and  the  greater  ease  with  which  the  Wei  Is  Creek  shatter  cones  break  out  of  the  rock .     In  my   opinion, 
these  striated  cones  and  shatter  cones  bear  virtually  no  resemblance;     it  requires  great  imagination  to  see 
any  similarity  at  all  .      Some  points  of  difference  may  be  listed  as  fol  lows:      (1)   Some  striated  cone  speci- 
mens show  some  conical  curvature  but  complete  cones  are  not  found.     (2)   They  ore  weathering  surfaces 
and  not  fracture  planes,  as  it  is  impossible  to  obtain  these  striae  on  any  freshly  broken  surface.       (3)  The 
striae  on  true  shatter  cones  are  rapidly  lost  when  exposed  to  weathering  but  those  on  the  Cerro  Colorado 
striated  cones  are  enhanced  by  weathering.   In  fact  they  seem  to  be  the  result  of  differential  weathering. 
(4)    The  so-called  striae  are  not  really  striae  at  all  but  rugose  markings.      R.  Margraves,  W.  Manton,  and 
N.   Short    (personal  communication),  all  of  whom  have  worked  extensively  with  shatter  cones,   concur  In 
my  opinion  that  these  definitely  are  not  shatter  cones. 

Monod    (1963)   quoted  Karpoff  as  finding  shatter  cones  in  North  Africa,  confined  to  a  thin  horizon 
and  extending  at  least  15  km,  which  has  led  him  to  dismiss  the  validity  of  shatter-coning  as  a  shock  cri- 
terion.     It  seems  evident  that  Karpoff  was  in  fact  describing  a  cone-in-cone  layer  as   this  is  their  typical 
appearance  when  shatter  cones  massively  and  locally  Invade  a  rock  mass.     In  the  central    United    States 
Carboniferous  cone-in-cone  horizons  have  been  traced  for  as  much  as  500  miles  from  Indiana  to  Missouri 
(Wanless,   personal  communication).     By  recent  correspondence  between  us,   Monod  agrees  with  this  judg- 
ment.     Shatter  cones  and  cone-in-cone  are  strikingly  different  structures  which  should  not  be  confused 
even  in  the  hand  specimen.     They  certainly  cannot  be  confused  In  the  field  as  cone-In-cone  occurs  along 
a  thin  stratum  while  shatter  cones  invade  an  entire  rock  mass. 

Orientation  of  shatter  cones 

Both  the  reality  and  the  significance  of  orientation  of  shatter  cones  have  been  questioned.    However, 
shatter  cones   do   show  a  remarkably  preferred   orientation   within  any  particular    rock  unit  although    the 
various  megabreccia  blocks  may  be  variously  oriented.     Exceptions  to  the  common   orientation  do  occur 
and  most  common    (although  still  rare)    is  the  case  of  the  completely  inverted  cone.     I  have  seen  examples 
at  Kentland,    Decaturville  and  Steinheim  Basin.      The  appearance  of  disarray  commonly  arises  from  seeing 
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cone  segments  rather  than  full  cones  which  con  occur  90°  or  a  little  more  apart.     However,  the  plotting 
of  numerous  cone  segments  at  Vredefort  (Manton,   1965),    Crooked  Creek  (Hendriks,   1954)  and  Wells 
Creek  has  proved  a  common  orientation.     Hendriks'     (personal  communication)   plotting  of  several   hun- 
dred cone  segments  at  Crooked  Creek  showed  on  upward  orientation  and  with  a  steep  angle  to  bedding. 
Even  more  detailed  plotting  at  Wells  Creek,  reveals  orientation  at  o  steep  angle  to  bedding  and  directed 
inward  toward  ground  zero  or,  alternately,  outward  and  pointed  away  from  ground  zero   (Stearns,  per- 
sonal communication).    This  confusion  arises  from  the  fact  that  it  is  impossible  to  determine  tops  and  bot- 
toms of  beds    (which  units  are  inverted  and  which  are  not).     Stearns  prefers  the  upward  orientation   as 
being  real  for  it  is  difficult  to  envision  a  shock  wave  propagation  toward  a  point  of  common  convergence. 

Shatter  cone  orientation  similar  to  that  at  Vredefort  Ring  is  reported  from  Sudbury    (inward-pointing 
cones  when  the  upturned  rocks  are  returned  to  their  pre-event  position)  although  the  observations  are 
confined  to  a  quite  limited  section  along  the  south  side  of  the  structure   (Dietz  and  Butler,    1964).    How- 
ever,  it  is  understood  that  International  Nickel  Co.  geologists  have  further  confirmed  this  orientation  in 
other  portions  of  the  Sudbury  ring  and  have  satisfied  themselves  that  shatter -coning  is  peculiar  to   the 
Sudbury  area,   that  is,   not  found  in  similar  rocks  away  from  Sudbury. 

Suggestions  for  further  research 

Further  studies  are  needed  before  any  final  understanding  of  shatter-coning  will  be  attained.     Some 
useful  studies  would  include  the  following:     (1)  A  search  for  additional  shatter-coned  sites;    (2)   further 
theoretical  studies  of  the  type  initiated  by  Johnson  and  Talbot  but  including  laboratory  experimentation, 
especially  with  hypervelocity  bullets;     (3)   further  integration  of  the  shatter-cone  criterion  with    other 
indications  of  shock — coesite,  microfracturing,  and  so  forth;     (4)   reconfirmation,   if  possible,  of  shatter- 
coning  at  the  Bosumtwi  Crater,  a  presumed  modern  meteorite  crater. 

Two  speculations 

Two  speculations  come  to  mind  which  bear  upon  the  astrobleme  problem.     Firstly,  it  seems  worth- 
while to  search  carefully  for  some  remnant  of  meteoritic  material  as  presumed  astroblemes.    Although 
these  "cosmic  bullets"  are  largely  self-annihilating,  the  evidence,  from  Meteor  Crater  for  example,  is 
that  a  minute  fraction  escapes  destruction.     Along  the  anterior  margin  of  the  bolide,  compressional  and 
reflected  refraction  shock  waves  may  cancel  out,  saving  portions  of  the  body  from  vaporization.     Ultra- 
basic  stones  far  exceed  nickel-irons  in  their  commonness;   hence  we  should  look  for  ultrabasic  xenoliths 
which  possibly  could  be  "cosmoliths,  "  xenoliths  of  cosmic  origin.     Since  any  aluminum-26  usually  would 
have  decayed  below  measurable  levels,  their  identification  would  be  difficult  and  perhaps  in  some  cases 
impossible.     Ultrabasic  xenoliths,  of  unknown  source,  are  found  at  both  Vredefort  and  Sudbury  but  in  thin 
section  they  seem  much  like  other  terrestrial  ultrobasics.     Those  at  Vredefort,  from  the  Parys  Quarry,  are 
bounded  by  shock-fractured  surfaces. 

Secondly,  it  seems  possible  that  the  carbonate  type  diamonds  especially  of  the  Chapada  Diamantina 
district  in  Bahia,  Brazil,  of  Eocambrian  age,  may  be  related  to  an  astrobleme.     It  has  been  amply  demon- 
strated that  diamonds  generally  are  of  hyperobyssal  origin,   having  come  up  from  the  mantle  in    Kimber- 
lite  pipes.    However,  diamonds  are  known  from  three  stony  meteorites  (the  ureilites — Novo-Urei,  Goalpara 
and  Dyalpur)and  one  siderite.  Canyon  Diablo  where  carbonado-type  diamonds  were  apparently  uniquely 
created  by  the  impact  (Anders,  1965).    In  this  example,  the  iron  carbide  mineral  cohenite  was  apparent- 
ly the  parent  material  but  it  is  known  from  experimental  work  that  diamonds  may  be  created  by  shock  in 
target  rock  rich  in  graphite,  for  example,  graphitic  granite  or  graphitic  phyllite.      Carbonados  are  small 
nodular  aggregations  of  minute  diamonds.     Shock-created  carbonados  show  a  preferred  crystal    orientation; 
under  x-ray  diffraction  such  studies  might  provide  a  clue. 
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EQUAL  AREAS  OF  GONDWANA  AND  LAURASIA 

(ANCIENT  SUPERCONTINENTS) 

By  Dr.  ROBERT  S.  DIETZ  and  WALTER  P.  SPROLL 

Institute  for  Oceanography,  Environmental  Science  Services  Administration,  Silver  Spring,  Maryland 


Thu  coritiuonta  of  the  world  soom  inoro  or  loss  randomly 
loL-atotl  over  the  Earth's  siirf'uco.  'J'horo  ai)|)oars  to  bo 
littlo  s\'iiimotry  in  tho  di.spositiou  of  tlioso  sialic  (granitoid) 
"platoaux".  For  uxajixpio,  tiio  amount  of  land  in  tho 
noiLliiirn  honiisphoro  is  100  x  10°  km-  uliilo  that  in  tho 
soulhoin  honxiaplioro  ia  48  X  10*  krn^,  a  ratio  of  2  :  1  (rof.  1). 

Many  thooriub  havo  boon  olTorod  to  account  for  tho 
distribution  of  continents.  An  oarly  oxamplo  is  tho 
totialidilral  hypothusis  of  contiuont  distiibution  of 
Lowtliian  Groon,  common  in  bygono  geology  toxt-booUs^''. 
Groon  supposed  that  tho  Earth  \\ as  cooling  and  contiacting 
and,  in  bocoiniug  smaller,  tondud  to  tako  on  thu  shape  of 
an  inx'ortod  totiahudron.  Tho  continents,  hu  suggested, 
formed  at  tho  points  and  edges  of  tho  tetrahedron  so  that 
Antarctica  occujiieil  one  point  while  Asia-Auslialia,  tho 
Americas  and  Eur-Africa occupied  the  three  edges.  We  can 
now  dismiss  Green's  concept  because  we  no  longer  believo 
tho  Earth  to  bo  contracting.  Also  the  continents  are  not 
olovatud  poitions  of  the  mantle  but  aio  platoaux  of  sialic 
rock  resting  isostatically  m  tho  mantle.  Wo  remain 
today  without  any  satisfactory  theory  to  explain  tho 
distribution  of  continents  around  the  globe. 

Perhaps  the  usual  adherence  to  conLinc^ital  fixity  is  a 
maui  dilliculty.  If  continents  ha\o  instead  ihiltc'd,  then 
they  may  ha^o  had  an  oai'lier  and  |ierha])s  more  "logical" 
plan.  'J'he  distribution  of  the  continints  may  not  always 
have  been  as  complex  as  it  is  now,  pi\'en  that  all  tho 
contineids  of  tlio  \\  orld  were  configureol  in  the  Palaeozoic 
into  two  supercontinents:  Laui'asia  (North  America  and 
Eurasia)  and  Goudwuna  (South  America,  Afiica,  Australia, 
Antarctica,  India,  Malagasy  and  some  other  micro- 
continental  fragments).  The  Laurasia-Gondw  ana  concept 
has  several  aspects  of  simplicity.  For  exan^plo  :  (1)  thoro 
would  bo  just  two  supercontinents  rather  than  tho  six 
major  continents  plus  other  sialic  pieces  which  exist  now; 
(2)  Goiulwaua  and  Laurasia  were  ruilely  circular  and 
Gonilwaua  may  havo  been  entirely  surrounded  by  a 
continuous  mountain  range';  (3)  Goudwana  was  located 
in  the  southern  hemisphere  and  Lauiasia  was  at  least 
mostly  in  tho  northern  hemisphere.  It  would  seem  that 
tho  geography  and  geology  of  land  masses  nnay  havo  boon 
somewhat  simpler  in  the  past  than  at  present. 

Equal  Areas  of  Laurasia  and  Gondwana 

It  occurred  to  U3  that  tho  areas  of  Gondwana  and 
Laurasia  might  bo  quito  similar.  This  would  provide 
still  another  aspect  of  Gondwana-Laurasia  simplicity. 
An  analysis  of  their  areas  was  therefore  undertaken. 
Tho  areas  of  continonts  C|U(>tcd  in  the  usual  atlases  woro 
unsuitable  because  tho  geological  limit  of  continents  is 
delineated  not  by  tho  shorelines  but  laLher  by  tho  1,000- 
fathom  isobath  which  marks  half  the  isostatic  fiooboard 
of  continents'.  Such  a  mensuration  includes  oxteixsive 
continental  shelf  and  upper-slope  areas.  While  we 
expected  rude  similarity,  we  did  not  anticipate  tho  close 
0(|Mality  achieved  whereby  Laurasia  has  an  area  of 
l(ll)'7x  10'  km^  ami  Gondwana  has  an  area  of  100-Gx  10* 
km^  or  a  difference  of  ouly  100,000  km*  (approximately 
tho  nr'oa  of  Iceland),  or-  only  <H  per  cent  (Table  I).  Tho 
closeness  of  this  agr'ooment  must  bo  fortuitious  as  there 
is  a  considoi'ablo  inaigin  for  error  in  tho  computation: 
tho  exact  ]jo;ition  of  tho  selected  isobath,  assinnpliona 
about  tho  composition  of  these  two  supercontinents  and 


post  mid-Mesozoic  accretions  to  continents.  We  can 
suppose  that  these  measurements  rovoal  an  agreement  in 
size  to  within  1  per  cent  or  so,  however,  which  remains 
most  rtimaikablo. 

'i'he  total  area  of  tlie  Earth  is  510  x  10*  km'  so  that 
nearly  40  j)er  cent  is  occupied  by  continental  crust  as 
developetl  by  our  measurements.  In  round  numbers, 
tho  Earth's  area  is  thus  about  500  x  10'  km''  and  Laurasia 
and  Gondwana  each  about  lOOx  10'  km'''  so  that  each  of 
these  supercontinents  occupied  20  per  cent  of  the  Earth. 
Menard'  cites  a  liguro  of  41  per  cent  continental  crust. 
His  slightly  larger  figure  is  probably  deri\(<.l  ficm  his 
using  the  2,000-metre  isobath  to  delimit  the  C(jntin(mts, 
while  we  used  the  shallower  1,000-fatl.om  itolath;  also 
we  have  not  included  oceanic  liighs  (fully  detached  from 
continents)  except  for  Malagasy  and  tho  northern  Sey- 
chelles, New  Zealand  and  South  Georgia,  as  these  are 
clearly  sialic  blocks. 

To  compute  the  areas  of  Gondwana  and  Laurasia,  the 
National  Geographic  Society's  10  in.  dian^eter  globe  of 
I'JOa  (scale  1  :  31,  303,  200)  which  displays  bathymetry 
as  well  as  landmasscs  was  used.  To  measure  areas,  tho 
area  grid  on  thoir  plastic  quasi-hemispherical  measuring 
cap,  together  with  quadilatoial  areas  of  longitude  nnd 
latitude  of  continental  inteiiors,  wore  used.  The  method  is 
thus  not  highly  precise  but  we  considered  it  sufficiently 
accurate  in  view  of  uncertainties  in  tho  basic  assumptions. 
Laurasia  was  considered  to  consist  of  Eurasia,  North 
America  and  Greenland.  Gondwana  was  considered  to 
include  tho  continents  of  Africa,  Australia,  New  Guinea, 
Antarctica,  South  America;  tho  subcontinents  of  India, 
Malagasy  and  New  Zealand,  and  tho  northern  Sej'clK^llcs 
Bank  "miciocontinent".  Tho  principal  microcontincnt 
used  in  our  Laurasia  measurement  is  Rockall  Hank'. 
The  Tibetan  Plateau  was  regarded  to  bo  two  continents 
thick  (70  km)  consisting  of  both  an  Asian  top  plate  and  an 
Indian  under  plate;  its  area  is  therefore  included  as  a 
part  of  tho  Indian  subcontinent  as  well  as  being  a  pait  of 
Eurasia.  Arabia  is,  of  course,  included  in  Afiica  of  which 
it  is  geologically  a  part.  Tho  contact  between  Gondwana 
and  Laurasia  is  taken  as  a  lino  along  tho  axis  of  the  Persian 
Gulf  and  continued  through  Iraq  and  Syria  to  meet  tho 
axis  of  the  Mediterranean  Sea. 

It  appears  likely  that  additional  microcontinontal 
fi'agments  will  eventually  bo  identified,  especially  in  tho 

Tatilo    1.     EQDAL   AKEA8   or   LAtTlASU   ASD    GONDWAKA* 
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Norlli  America 
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Gondifana 

70  40x10' km'    AfrlniS 

S5-3ft  X  10' l<m'    Aiifllr.iliiiand  Now 

(liilnca 

100  88x10*  km'    Np«  y.p^il.ind 

Aniarcllni 

-  5  10  x  10*  km'    SouUi  America 


87-80  x  10*  km' 

13  31  X  10*  km' 

•.'.'■  I)  »  111'  km' 
1(1  ni  «  HI'  kill' 
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100  09  X  10*  km' 
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t  l.iMiniNlM  exiluilfs  llii'  I'lillippirie  Inhiiwls  and  noutticrn  reiilnil  America. 
Tills  lepnuenla  l-3.'i  x  10*  «r|iii\re  kllomeires.  No  .•iccoiml  la  taken  Tor  possible 
poHl  iiilil-Mc">ci/i)le  iieereliiin  U)  eoiil  iniMits  by  uroiicny.  elc. 

t  Hy  lliiimliv^in  Overlan  »c  nirMii  lliiit  purl  of  ilic  lncli:in  subcontinent 
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§  Includes  Arabia,  Mala^'asy  aud  the  northern  i>orlloa  of  Seychelles  Dank- 
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Indian  Ocoan,  which  \\oiild  ndd  to  tlio  arou  of  GoiKhvima. 
Such  additional  ureas,  if  discovered,  niiglit  be  paitiaily 
iiffsot  by  finding  tliat  the  contiiiontal  area  around  Now 
Zoalund  is  not  a.s  hu-go  as  is  indicated  by  tlio  l.OOO-fatliom 
isoliath — which  now  inchidos  an  undersea  area  more  than 
throe  timoa  as  largo  as  this  landmass  itsolf.  Our  com]inta- 
tion  has  uneertairities,  but  there  remains  a  close  cc|uality 
of  areas  of  CJondwana  and  Laurasia  which  would  not  bo 
altered  oxcopt  in  'letail  by  luiy  now  findinp;s  regarding 
crustal  extent.  L'lio  principle  seems  established  that 
those  two  suporcoatinents,  as  the  "drifters"  thought, 
\v(>ro  of  almost  idc^ntical  size. 


Our  result  must  be  meaningful  and  so  invites  sonio 
speculation.  Is  tho  Laurasia-Uondwana  version  of  drift 
correct,  or  woro  tho  continontH  in  tlie  Palaeozoic  all  part 
of  a  \u\iversal  landmass  like  Wegener's  Paiigaoa  n«  many 
modern  diiftors  suppose''''*  ?  Tho  equal  areas  of  Gond- 
wana  and  Laurasia  would  seem  to  argue  for  the  reality  of 
tliis  two  supercontinent  version  of  drift  and  against  tho 
Pangaca  version.  It  is  difficult  to  conceive  of  a  reasonable 
process  whoroby  Pangaea  would  bo  split  into  0(|ual  haivos 
— it  wovild  1)0  fortuitous  and  so  unlikely. 

Continental  drifters  would  also  like  to  know  whether  tho 
postulated  mid-Mesozoic  break-up  and  dispersal  of  tho 
continents  was  a  unique  event  in  geological  history,  or 
whether  continents,  from  time  to  time,  have  split  and 
drifted,  reconfiguring  their  outline.  Tho  equivalency  of 
areas  argues  for  a  simplicity  of  drift  history — even  possibly 
that  tho  mid-Mosozoic  break-up  was  unique  in  Earth 
history. 

A  speculation  which  might  reasonably  accoimt  for  tho 
equal  areas  of  these  two  supercontinonts  is  as  follows. 
Runcorn'''"  has  suggested  that  orogonic  revolutions  and 


contiueiitttl  drift  may  have  been  controlled  by  tho  growth 
of  the  Earth's  core  whicli  in  turn  caused  tho  modes  of 
latitudiiuil  toroidal  convection  cells  in  tho  Eivrth's  jmnntlo 
to  increase  from  one  coll  to  a  iivn  c(^ll  pattern.  'I'his 
progii'ssion,  however,  would  not  uccoimt  for  tho  equal 
are;is  of  (,!oiul\\ana  and  Laurasia,  but  an  oven  simpler 
scheme  of  the  Runcorn  tj'po  would.  Suppose  that  the 
convection  made  in  the  Pahieozoic  and  earlier  was  n  =  2 
— -tliat  is,  thoro  woro  just  two  toroidal  latitudinal  cells 
(Fig.  In).  Such  convection  cells  would  siso  at  the  cfjuator, 
move  towards  the  poles  and  descend  at  tho  jjoles.  If  thc^ 
Earth  originally  accreted  as  a  cold  ultramnfic  body  and 
gradually  warmed  up,  as  is  now  generally  Rujiposed,  then 
contiiientnJ  or  sialic  rock  would  ha\e  been  slow  ly  gencratcil 
by  dilTerentiation  from  tho  lOarth's  mantle.  Assuniing 
original  unifoirnity  in  tho  crimp)osition  of  the  pristine 
15artli,  tlien  equal  volumes  of  mantle  would  gonorato  e(|ual 
volumes  of  sial.  In  tho  two  convection  coll  scheme,  tho 
southern  heniisphero  would  supplj'  all  tlio  sial  for  Gond- 
wana  while  the  northern  hemisphere  would  supply  all  tho 
sinl  for  La\irasin,  etc.  The  continents  may  then  have  been 
accreted  by  sea-floor  spreading  with  its  convej'or  belt 
tectonics  accompanied  by  collapsing  continental  lises"''*. 
The  reason  for  tho  present  distribution  of  continents 
still  remains  enigmatic.  L^ut  wo  suggest  that  the  answer 
lies  in  tho  now  and  more  complex  mantle  convection  cell 
patterns  which  began  in  the  mid-Mosozoic.  Tho  problem 
is  probiilily  complex  and  the  process  still  active,  and  the 
colls  may  have  undergone  recent  changes  like  the  possible 
switch  of  tho  Pacific  tail  of  tho  worldwide  mid-ocean  rise 
from  beneath  the  Darwin  Rise  to  beneath  western  North 
America'.  One  attempt  to  identify  tho  pattern  of  con- 
vection cells  in  the  modern  world  is  that  of  Girdler",  who 
arrived  at  a  five  cell  pattern.     We  doubt  that  Girdler's 


Fig.  1.  a,  DlaRramnmtic  reprosent.ition  in  early  Reological  time  of  Laurasia  around  tlio  North  Pole  and  of  Oondwana  around  the  Soutli  Pole  by 
their  dilTerentiation  from  mantle  convection  cells.  Two  toroidal  cells  are  shown  in  opposite  hemispheres  having  a  harmonic  configuration  for 
n  =  2.  Laurasia  and  Gondwana  are  shown  to  be  both  polar  and  antipodal.  (SVi'  are  aware,  but  attempt  no  explanation,  that,  at  least  at  the  end 
of  the  Palaeozoic,  Gondwana  and  Laur.'wia  probably  were  not  so  symmetrically  disposed.  For  example,  Oondwana  was  glaciated  and  Laurasia  was 

not.) 

b,  Diagrammatic  representation  of  the  dispoBltlon  of  continents  on  the  modern  Earth  approximately  along  a  selected  great  circle.  A  6ve-rold 
toroidal  cell  pattern  (n  =  5)  Is  shown  (adapted  from  GIrdler").  Laurasia  and  Gondwana  are  shown  as  having  been  fragmented  and  drifted  In 
response  to  this  more  complex  convection  pattern.  A  possible  change  In  the  core  eUe  between  a  and  b,  as  suggested  by  Runcorn  as  controlling 
the  number  ofconvectlon  cells,  is  omitted.  In  this  diagrammatic  representation  we  do  not  mean  to  imply  that  we  believe  the  modern  cell  pattern 
Is  necesBarlly  n  =  6,  but  only  that  It  Is  now  more  complex  than  It  was  before  the  mId-Hesozolc  break-up. 
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solution  is  the  last  word,  but  it  would  soera  to  be  the 
correct  sort  of  approach.  When  the  correct  final  solution 
is  attained,  perhaps  it  could  account  for  the  modem 
distribution  of  continents  using  the  simple  Gondwanar- 
Laurasia  configuration  as  the  initial  situation  (Fig.  16). 


'  KosslnnR,  E.,  "Die  Tlefen  des  Weltmeerps"  Veroff  fnst.  f.  Meerfkundt  d. 

Vniv.  Berhn,  N.F.,  Reihe  A.,  ^o.  9,  Berlin.  35  (1021). 
'  Green,  L.,   I'ealiges  of  the  mollen  glohe  o«  eihibited  in  the  Agure  of  the  earth't 

vvlramc  acliun  and  physiographu:  I'nrI  I  (London,  1875). 
'  Gregory.  J.  W..  Amer.  Oeol..  27.  100  (1001). 
'  I^'",'-'  ,!-.  C,  Morphology  of  the  Earth  (Hufner  Publishing  Co.,  New  York, 


•  Carey,  8.  W..  OontiiurUal  Drift— A  Sympotium,  117  (Univ.  of  Taimanls. 

1958). 

•Menard,  W.  H..  Mannt  Qeologv  of  the  Paeifte  (McGraw-Hill  Book  Co., 
New  York,  1064). 

'  Wilson.  J.  T..  Naiurt.  198,  025  (1063). 

'  Bulliirrt,  E..  Everett,  J.  E.,  and  Smith,  A.  O.,  In  Roval  Soeiety  St/mpotium 
on  Conlinental  Drift  (edit,  by  Blackett,  P.  M.  3.,  Bullard,  E..  and  Run- 
corn  S.  K.),  228  (1965). 

•  Runcorn,  3.  K..  Mature,  193,  311  (1962). 

"  Runcorn.  3.  K.,  In  Roi/al  Sorielii  Sjimpotium  on  Contintnlal  Drift  (edit,  by 

Bluckett,  P.  M.  3.,  lliilliiril.  K.,  and  Runcorn.  3.  K.),  228  (1005). 
>■  DIetz,  R.  3.,  J.  Oeol..  71,  314  (1003). 
'•  DieU,  R.  3..  Amer.  J.  Sci..  264.  177  (1963). 
"  Oirdler,  R.  W.,  Nature.  198,  1037  (1963). 


14 


Reprinted    from    THE    JOURNAL   OF    GEOLOGY  Vol.    7^+,    No.    5,    Part    I 
ailOGEOCLINES  (^IIOGEOSYNCLINES)  IN  SPACE  AND  TIME' 

ROBERT  S.  DIETZ-  AND  JOHN  C.  HOLDEN^ 

ABSTRACT 

Many  continental  margins  are  capped  by  wedge-shaped  prisms  of  Cretaceous  to  Recent  shallow-water 
marine  strata.  These  were  dejiosited  on  downllexing  continental  margins,  presumably  subsiding  because  of 
regional  isostatic  compensation  caused  by  the  growth  of  adjacent  continental-rise  prisms.  We  ecjuate  these 
continental  terrace  wedges  with  miogeosynclines  of  the  past,  which  are  w'edge-shaped  as  now  preserved  but 
which  probalily  never  were  synclinal  in  form;  hence  the  shortened  term  "miogeocline."  INIodern  miogeoclines 
thicken  toward  the  ocean  and  terminate  by  "thickening  out"  against  water  at  the  continental  slope;  we  pre- 
sume that  ancient  ones  did  also.  Ancient  miogeoclines  thicken  toward,  and  abut,  a  deformed  eugeosynclinal 
lithofacies.  These  we  interpret  to  be  collapsed  continental  rises,  deposited  synchronousl}'  with  their  adjacent 
miogeocline  and  later  accreted  to  the  continent. 

Miogeoclines  probalily  have  been  formed  by  marginal  sedimentation  throughout  geologic  history,  their 
outer  limits  marking  former  continental  boundaries  before  the  accretion  of  new  fold  belts.  The  Appalachian 
miogeocline  may  be  one  Paleozoic  e.xam]ile,  and  the  Millard  miogeocline  of  the  western  United  Stales  may  be 
another.  More  speculatively,  Precambrian  e.xamples  of  miogeoclines  may  be  provided  by  the  Belt  Series  of 
Montana,  the  Huronian  metasedimentary  sequence  abutting  the  Grenville  fold  belt  in  Canada,  and  the 
VVitwatersrand  Series  in  South  Africa.  A  model  for  continental  accretion  results  with  the  positions  of  earlier 
continental  margins  delineated  by  the  thickened-out  edges  of  ancient  miogeoclines. 


I.    INTRODUCTION 

Many  continental  margins,  especially 
around  the  Atlantic  and  Indian  oceans,  are 
capped  by  wedge-shaped  monogeoclinal 
prisms  of  Cretaceous  to  Recent  shallow- 
water  marine  strata.  Downflexing  of  conti- 
nental margins  appears  to  be  a  normal  as- 
pect of  continent  edges  where  the  moimtain- 
building  is  not  active.  Fairbridge  (1957)  has 
estimated  that  about  30  per  cent  of  conti- 
nental shelves  are  capped  b)'  these  modern 
"paraliageosyncUnes."  Dietz  (1963)  has  in- 
terpreted these  modern  prisms  as  active  or 
"living"  miogeosynchnes.  Accepting  this 
latter  view,  we  propose  in  this  paper  to  show 
that  these  marginal  wedges,  as  precursors 
to  miogeosynclines,  may  have  character- 
ized the  accretionary  growth  of  continents 
throughout  geologic  history  in  both  space 
and  time.  We  will  try  to  identify  probable 
reverse  examples  in  various  parts  of  the 
world,  from  the  Precambrian  as  well  as  from 
the  phanerozoic  eon. 

^  Manuscript  received  August  9,  1965;  revised 
February  17,  1966. 
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We  coin  here  and  will  use  the  term  "mio- 
geocline" to  apply  to  these  modern  terrace 
wedges.  We  will  try  to  show  also  that  an- 
cient miogeosynclines  are  their  equivalent. 
The  term  "miogeocline"  is,  of  course,  a 
shortened  form  of  "miogeosyncline,"  which 
we  justify  in  the  interest  of  simplified 
terminology  and  in  the  belief,  as  explained 
later,  that  miogeosynclines  are  not  really 
S}'nclinal  in  form. 

II.    MODERN  ATLANTIC  MIOGEOCLINE 

It  has  been  customary  to  reconstruct  the 
original  nature  of  miogeosynclines  from 
ancient  examples.  We  reverse  this  procedure 
by  here  identifying  as  our  tynpe  miogeocline 
the  monoclinal  prism  capping  the  coastal 
plain  and  continental  shelf  off  the  eastern 
seaboard  of  the  United  States.  We  will  then 
identify  ancient  sedimentary  prisms  which 
we  consider  to  be  equivalents. 

This  Atlantic  miogeocline  is  chosen  be- 
cause its  structure  and  lithology,  although 
still  not  well  known,  probably  are  better 
understood  than  those  of  any  other  similar 
feature  in  the  world.  It  is  generally  con- 
sidered a  t\pical  continental  terrace  of 
simple  structure  and  marking  the  mature 
stage  of  development  along  a  non-orogenic 
continental    margin.    The    current    Woods 


566 


MIOGEOCLINES  IN  SPACE  AND  TIME 


567 


Hole  Oceanographic  Institution — U.S.  Geo- 
logical Survey  program  for  its  detailed 
study  augurs  even  fuller  knowledge  (Emery, 
1965;  in  press). 

The  wedge  is  built,  not  by  foreset  beds, 
but  by  superposed  strata  deposited  almost 
horizontally.  The  shelf  itself  has  a  sea- 
ward indination  of  about  0.15°,  the  shelf 
break  occurring  at  depths  between  80  and 
130  m.  The  strata  of  the  terrace  dip  seaward, 
steeper  than  the  shelf  surface  but  less  so 
than  the  continental  slope.  The  continental 
slope  has  a  decHvity  of  about  3.3°  to  2,000  m. 
Beyond  this  Hes  the  continental  rise,  which 
generally  slopes  less  than  0.5°.  This  appears 
to  be  composed  of  a  turbidite  lithofacies 
which  uplaps  the  continental  slope,  em- 
placed  like  an  alluvial  fan  against  the  base 
of  a  mountain  (Emery,  1965).  Most  of  the 
shelf  is  far  below  the  present  wave  base  of 
6-20  m.;  this  is  the  depth  at  which  waves 
"feel  bottom"  and  so  transmit  appreciable 
energy  to  the  sea  floor.  This  depth  accord- 
ingly marks  the  outer  limit  of  the  zone  of 
paralic  sedimentation.  The  outer  shelf  is  a 
relict  and  non-deposit lonal  surface  drowned 
by  the  postglacial  rise  of  sea  level.  Perhaps 
terming  it  a  surface  of  non-accumulation 
would  be  more  apt,  as  some  sediments 
presumably  are  temporarily  deposited  on 
the  outer  shelf,  only  to  be  bypassed  later. 

Continental  slopes  certainly  are  not  wave- 
built  terraces  (Dietz,  1964a),  and  it  seems 
that  deltaic  embankments  (submerged  delta 
terraces)  have  played  little  part  in  the 
Atlantic  example.  Instead,  the  paralic 
wedges  laid  down  during  repeated  progres- 
sions and  regressions  of  the  shore  line  on  a 
downflexing  surface  probably  have  domi- 
nated its  development.  Very  likely  the 
strata  of  the  wedges  are  nearly  all  shallow- 
water  deposits. 

We  should  emphasize  that  the  Atlantic 
shelf  sedimentation  regime  is  quite  unlike 
that  of  the  Gulf  Coast,  which  is  dominated 
by  deltaic  deposition.  The  Mississippi  has 
debouched  a  great  jet  stream  of  sediments 
which  have  been  hosed  into  the  outer  shelf 
and  slope,  building  up  deltaic  embankments. 
Since  the  Eocene  at  least,  the  deltaic  depo- 


center  has  migrated  northeastward  from 
near  the  Mexican  border  to  its  present 
position  (Hardin,  1962).  Rapid  sedimenta- 
tion generally  has  not  permitted  efficient 
sorting  of  the  traction  load  from  the  sus- 
pended load,  so  that  the  normal  shelf 
processes  causing  reworking  have  been  over- 
whelmed. Hence  we  should  not  expect  the 
structure  of  the  Gulf  to  resemble  closely 
that  of  the  Atlantic  miogeocline. 

The  process  dominating  the  deposition 
of  this  miogeocline  commonly  has  been 
called  upbuilding.  Perhaps  it  would  be  more 
correct  to  term  it  sea-level-mainlaining,  for 
"healing  sedimentation"  maintains  the  mio- 
geocline "basin"  at  a  filled  level.  Upbuilding 
does  occur  relative  to  a  subsiding  foundation 
but  not  relative  to  sea  level. 

There  is  nearly  everywhere  a  sedimentary 
cover  over  the  Atlantic  continental  slope, 
but  this  cover  appears  to  be  mantling  rather 
than  foreset  deposition.  The  angle  of  repose 
of  these  continental-slope  beds  seems  to  be 
controlled  by  the  dip  of  underlying  and 
supporting  rock  structure  rather  than  being 
the  free  angle  of  repose  of  foreset  beds. 
Moore  and  Curray  (1964)  have  argued 
otherwise,  but,  even  accepting  their  local 
evidence  for  several  thousand  feet  of  foreset 
beds  off  Cape  Hatteras  in  the  probable 
drowned  delta,  this  is  minescule  compared 
to  the  over-all  width  of  150  miles  in  this 
region.  Generally  speaking  the  terrace  wedge 
apparently  is  laid  down  entirely  on  the 
continental  block  with  virtually  no  prograd- 
ing  over  the  deep  ocean's  simatic  floor 
(Dietz,  19646). 

A  most  unexpected  discovery  concerning 
the  Atlantic  miogeocline  is  that  the  strata 
grow  ever  thicker  seaward,  attaining  a 
maximum  thickness  at  the  continental  slope. 
From  a  zero  thickness  along  the  inner  edge 
of  the  coastal  plain  along  the  Piedmont,  the 
beds  thicken  seaward,  attaining  10,500  feet, 
for  example,  in  a  well  drilled  to  the  base- 
ment at  Cape  Hatteras,  which  is  only  25 
miles  from  the  shelf  edge.  Elsewhere  geo- 
physical evidence  suggests  a  typical  thick- 
ness of  about  8,000  feet  at  the  shelf  edge, 
with  a  maximum  thickness  of  17,000  feet 
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(Drake,  Ewing,  and  Sutton,  1959).  This 
thickening-out  of  the  strata  came  as  a 
surprise,  as  it  seems  an  unlikely  mode  of 
sedimentation  to  most  geologists.  There  has 
been  a  tendency  to  deny  its  reality,  but  the 
evidence  is  now  too  clear  to  accept  any 
other  construction  as  credible.  To  explain 
this  sudden  disappearance  of  the  strata,  or 
"thickening-out,"  some  geologists  have  re- 
sorted to  interpreting  the  continental  slope 
as  a  normal  fault  scarp,  so  that  a  down- 
dropped  continuation  of  the  beds  would 
now  lie  beneath  the  continental  rise.  This 
explanation  is  largely  gratuitous,  as  there  is 
no  good  evidence  for  faulting  or  for  the 
existence  of  the  "lost"  beds.  Also,  it  provides 
no  final  answer.  A  solution  to  the  origin  of 
the  slope  is  simply  deferred,  for  some  other 
primary  continental  slope  would  have  to 
have  existed  formerly  farther  at  sea.  Even 
an  appeal  to  continental-drift  theory,  ac- 
cording to  which  the  Atlantic  is  a  rift  ocean, 
is  of  no  avail,  as  the  terrace-wedge  strata 
entirely  postdate  any  such  proposed  rifting, 
which  usually  is  assigned  to  the  mid-Meso- 
zoic. 

This  thickening-out  gives  the  modern 
Atlantic  miogeocline  the  appearance  of  half 
a  geosyncline,  a  syncline  with  the  outer 
limb  missing.  We  suggest  that  this  is  the 
normal  and  complete  appearance  of  a  mio- 
geocline and  that  there  is  really  no  missing 
outer  portion.  A  thickening-out  of  mono- 
clinally  dipping  strata  as  the  normal  mode 
of  sedimentation  along  a  continental  margin 
certainly  would  provide  the  simplest  and 
most  direct  interpretation.  It  is  by  no 
means  confined  to  the  Atlantic  case  but 
seems  a  general  characteristic  of  modern 
miogeoclines,  for  example,  of?  the  English 
Channel  (Curray,  Martini,  Smith,  and 
Whittard,  1962)  and  off  South  Africa  (Simp- 
son, 1964).  Later  we  will  discuss  sedimenta- 
tional  processes  whereby  this  thickening-out 
might  normally  happen. 

Geophysical  investigations  have  sug- 
gested the  presence  of  a  buried  basement 
ridge  of  considerable  relief  striking  along  the 
Atlantic  shelf  edge  (Drake  et  al.,  1959).  One 
might  suppose  that  this  ridge  is  an  actively 


growing  anticline  or  that  it  marks  the  limit 
of  a  subsiding  shelf  basin.  If  this  is  so,  the 
strata  of  the  terrace  wedge  should  reveal 
deformation  appropriate  to  such  synchro- 
nous deep  adjustments  of  the  basin.  But,  so 
far  as  is  known  from  well  data,  they  display 
only  simple  monoclinal  thickening  (Murray, 
1961).  It  seems  more  likely  that  the  Lower 
Cretaceous  peneplane  approximates  a  simple 
tilted  surface  which  transects  not  only  high- 
velocity  rocks  of  crystalline  Appalachian 
lithology  but  cratonic  sedimentary  basins 
that  were  filled  prior  to  the  Cretaceous. 
Triassic  basins,  like  those  now  exposed  in 
the  mid-Atlantic  states,  for  example,  are 
present  beneath  the  coastal  plain.  To  em- 
phasize another  interpretation,  that  the 
Atlantic  miogeocline  has  been  laid  down 
mainly  as  a  marginal  wedge  rather  than  in 
basins,  a  purely  diagrammatic  Triassic  basin 
is  shown  in  figure  1. 

Both  Drake  et  al.  (1959)  and  Dietz 
(1963)  have  suggested,  but  from  quite  dif- 
ferent points  of  view,  that  the  modern 
Atlantic  miogeocline  is  the  precursor  of  a 
miogeosyncline  like  thi  ancient  lower  Paleo- 
zoic Appalachian  example  (Kay,  1951). 
Drake  et  al.  suggested  a  geologic  evolution 
along  the  well-known  lines  offered  by  Kay 
for  geosynclines  generally,  that  is,  with  the 
development  of  a  tectonic  borderland,  a 
volcanic  island  arc,  etc.  Dietz  suggests  a 
simpler  sequence  based  upon  continental 
accretion.  The  continental  rise  is  collapsed 
and  plutonized  by  sea-floor  spreading  (trans- 
lation: as  though  by  a  conveyer  belt).  A  new 
fold  belt  is  thus  accreted  to  the  continental 
margin,  and  in  turn  the  terrace  wedge  is 
loosely  folded  into  a  miogeosynclinal  belt. 
The  growth  of  a  marginal  ridge  plays  a 
significant  part  in  the  scheme  of  Drake  el  al. 
but  no  active  role  in  that  of  Dietz.  We 
follow  the  latter  theme  in  this  paper.* 

*  Since  the  submission  of  this  paper  for  publica- 
tion, we  have  been  privileged  to  see  an  important 
unjjublished  manuscri]3t  by  Uchupi  and  Emery  on 
the  shallow  post-Cretaceous  structure  of  the  conti- 
nental margin  between  Nova  Scotia  and  Florida  as 
revealed  by  sub-bottom  acoustic  profiler  traverses. 
Perhaps,  as  should  be  anticijmted,  the  structure  is 
rather  complex  and  much  more  complicated  than  the 
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III.   ASPECTS  OF  MIOGEOCLINES 

The  problem  of  thickening-out  of  mio- 
geoclines  requires  treating  both  carbonate 
and  clastic  sequences.  Thickening-out  of 
carbonate  sequences  can  be  most  readily 
understood  and  hence  is  considered  first. 

Some  appreciation  for  thickening-out  of 


idealized  fig.  1,  for  example,  suggests.  It  is  difficult  to 
assess  the  meaning  of  this  new  rich  source  of  data, 
but  we  believe  that  these  results  are  not  inconsistent 
with  our  interpretation  here. 


carbonate  strata  in  a  miogeocline  can  be 
gained  by  using  coral-atoll  sedimentation  as 
an  analogy  (fig.  2).  Atolls  are,  of  course, 
limestone  cappings  on  subsided  volcanic 
seamounts  and  are  in  no  sense  miogeoclines. 
Drill  cores  through  the  centers  of  atolls 
often  show  several  thousand  feet  of  carbon- 
ate rock,  but  no  one  would  suggest  that 
these  beds  were  laid  down  in  a  cratonic 
basin  or  that  they  necessarily  must  thin  out 
in  any  direction.  Similarly,  dredge  hauls 
from  atoll  flanks  often  reveal  thick  sections 


Fig.  2. — Diagram  to  show  paralleling-out  and  hypothetical  thickening-out  of  coral-atoll  strata.  Atolls 
are  composed  of  carbonate  strata  laid  down  on  a  subsiding  volcanic  foundation.  Normally  these  beds  neither 
pinch  nor  thicken  out  but  instead  parallel  out  against  the  sea.  If  the  volcanic  foundation  of  an  atoll  were  to 
subside  by  tilting  {A),  the  strata  would  terminate  on  the  deeply  subsided  flank  by  thickening  out  (5). 
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of  shallow-water  carbonates,  but  one  does 
not  conclude  that  there  is  a  missing  section 
of  carbonates  that  has  been  downfaulted, 
lying  now  beneath  the  ocean  floor.  Such 
errors  of  interpretation  are  avoided  because 
we  clearly  understand  the  process  of  coral- 
atoll  formation.  Marginal  Lithotha^nnion 
reefs  buttress  the  reef  against  the  sea,  form- 
ing strong  damlike  walls  behind  which  other 
carbonates  collect.  The  resulting  strata  can 
be  described  as  "paralleling  out"  against 
the   sea,    that   is,    neither    thickening   nor 


ment  may  apply  today  to  tropical  regions 
such  as  Florida,  Yucatan,  etc.  Carbonate 
deposition  on  continental  shelf-edges  is  to- 
day an  active  process  in  many  parts  of  the 
world  as  exemplified  by  Australia  and  Mada- 
gascar. Today's  climate  is  more  rigorous 
than  that  of  the  past  when  such  carbonate 
deposition  would  have  occurred  at  some- 
what higher  latitudes.  Paleozoic  miogeo- 
clines  are  composed  largely  of  carbonates  so 
that  this  interpretation  would  be  especially 
applicable  to  them.  Even  for  the  modern 


Fig.  3. — One  manner  in  which  a  continental  slope  may  be  maintained,  in  spite  of  marginal  subsidence,  is 
through  carbonate  buildup.  Shelf-edge  reefs  may  be  especially  effective  in  building  a  slope  of  considerable 
declivity. 


thinning.  This  applies  to  the  normal  ex- 
ample of  an  atoll  that  subsides  uniformly 
and  evenly.  Although  we  know  of  none,  if  a 
hypothetical  atoll  that  subsided  by  tilting 
were  to  exist,  it  is  evident  that  the  carbonate 
beds  would  display  the  phenomenon  of 
thickening-out.  The  resulting  wedge-shaped 
deposit  would  be  purely  a  depositional 
"healing"  response  to  tectonism. 

We  consider  it  likely  that  the  thickening- 
out  of  a  carbonate  miogeocline  may  be  ex- 
plained in  much  the  same  manner  under 
atolls  by  the  growth  of  shelf-edge  reefs  or,  in 
other  words,  by  the  ability  of  biochemically 
deposited  non-detrital  carbonates  to  main- 
tain sea  level  by  growing  essentially  vertical- 
ly (fig.  3).  Such  continental-slope  develop- 


Atlantic  miogeocline,  which  is  largely  clastic 
in  its  central  and  northern  portions,  the 
presence  of  occasional  carbonate  strata  act- 
ing as  risers  or  retaining  walls  may  have 
helped  to  develop  and  bulwark  the  thicken- 
ing-out aspect. 

Perhaps  we  can  also  understand  the 
thickening-out  of  the  strata  even  for  a 
purely  clastic  miogeocline  in  terms  of  mod- 
ern deposition  along  the  Atlantic  continen- 
tal shelf.  Modern  sedimentation  is  confined 
to  the  paralic  zone  and  does  not  extend 
beyond  depths  of  6-20  m. — ^the  depth  at 
which  waves  begin  to  "feel  bottom"  as 
indicated  by  their  refraction  (Emery,  1965). 
Apparently  the  tractive  load  is  retained 
shoreward  of  this  depth.  The  open  shelf 


572 


ROBERT  S.  DIETZ  AND  JOHN  C.  HOLDEN 


farther  offshore  is  now  covered  by  relict 
deposits,  and  it  seems  that  any  fine  material 
subject  to  being  carried  in  suspension  is 
quickly  swept  off  the  shelf  and  onto  the 
continental  slope  and  rise.  The  absence  of 
extensive  dip-slope  beds  on  the  continental 
slope  suggests  that,  owing  to  its  steepness, 
it  is  not  the  locus  of  significant  permanent 
accumulation.  Turbidity  current,  slumping, 
etc.,  must  carry  slope  deposits  onto  the 
continental  rise,  making  the  slope  a  realm  of 
deposition  for  short  intervals  of  time  but  one 
of  eventual  bypassing. 


A  difficulty  with  this  construction  is  that, 
although  the  shoreface  slope  of  a  paralic 
wedge  is  considerably  steeper  than  the 
inclination  of  the  outer  continental-shelf 
surface,  it  is  still  less  steep  than  the  3.3° 
declivity  of  the  Atlantic  continental  slope. 
Thus  it  is  not  entirely  clear  how  the  face  of  a 
deposit  wedge  of  parahc  beds  can.  create  a 
continental  slope  such  as  the  Atlantic  ex- 
ample. Perhaps  shelf-edge  reefs  or  other 
interspersed  carbonate  beds  act  as  steep 
risers  which  bulwark  this  slope.  Perhaps, 
also,  the  breakaway  scars  of  slumps  may 
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Fig.  4. — The  prograding  of  a  paralic  wedge  across  the  outer  shelf  to  build  up  a  large  composite  wedge  may 
be  another  elfective  wa}'  of  maintaining  a  sedimentary  continental  slope  in  a  clastic  regime.  The  shoreface  of 
a  paralic  wedge  is  considerably  steeper  than  the  general  surface  itself  and  is  similar  to  that  of  gentle  continen- 
tal slopes. 


There  is  no  difficulty  in  accounting  for 
the  steepness  of  Atlantic-type  continental 
slopes,  usually  little  more  than  about  3°, 
when  the  rocks  are  carbonates.  The  sides  of 
coral  reefs  are  invariably  steeper  than  the 
flanks  of  their  steep  volcanic  seamount 
foundations  and  commonly  attain  slopes  as 
great  as  20°.  It  is  more  difficult  to  account 
for  the  continental  slope  when  the  terrace 
wedges  are  composed  of  elastics.  However, 
this  may  be  explained  by  the  fact  that  the 
stacking  of  prograded  paralic  wedges  for  the 
shoreface  under  the  influence  of  surf  is  cjuite 
steep  (fig.  4). 


help  account  for  the  declivity.  A  final  solti- 
tion  to  this  problem  remains  elusive. 

The  cause  for  the  stibsiding  foundation  of 
a  terrace  wedge  is  another  intriguing  Cjues- 
tion.  The  growth  of  the  wedge  must  be  a 
response  to,  rather  than  a  cause  of,  this 
marginal  flexing,  if  isostasy  is  operating,  for 
the  mantle  being  displaced  is  denser  (3.3 
gm/cm^)  than  the  sediments  being  deposited 
(ca.  2.7  gm/cm^).  The  sediments,  of  course, 
do  accentuate  the  subsidence.  But  regardless 
of  its  ultimate  cause,  this  "certain  sinking 
feeling"  seems  to  be  a  fact  of  life  for  non- 
orogenic  continental  margins. 


MIOGEOCLINES  IN  SPACE  AND  TIME 


573 


As  a  cause  of  marginal  flexing,  we  suggest 
that  it  is  a  regional  response  to  the  sedi- 
mentary loading  of  the  deep-ocean  floor. 
Turbidity  currents  lay  down  an  apron  of 
sediments  along  the  base  of  the  continental 
slope,  which  gradually  builds  up  and  attains 
enormous  proportions.  A  continental  rise  is 
formed,  and  it  uplaps  the  continental  slope 
as  it  grows.  The  earth's  crust  subsides 
isostatically  in  response  to  this  loading, 
every  3  feet  of  prism-thickening  being  ac- 
companied by  about  2  feet  of  subsidence. 
By  the  time  the  continental  slope  is  entirely 
uplapped,  the  prism  will  have  reached  an 
over-all  thickness  of  more  than  40,000  feet. 
Attaining  the  sea  surface,  of  course,  limits 
any  further  upward  thickening  so  that  the 
prism  then  can  only  prograde  seaward. 

The  growth  of  this  huge  prism  causes 
flexing  of  the  continental  shelf,  as  the  earth's 
crust  is  sufficiently  strong  to  respond  to 
isostasy  regionally  rather  than  locally.  Thus 
the  continental  shelf  tilts  seaward,  causing 
the  terrace  deposits  to  display  seaward 
thickening.  By  repeated  transgression  and 
regression  of  the  shoreline,  a  thick  com- 
posite wedge  of  paralic  sediments  is  laid 
down. 

The  buildup  of  this  wedge-shaped  prism 
is  an  inherently  controlled  process  which  is 
self-adjusting.  If  erosion  is  rapid  and  the 
shore  receives  abundant  sediment,  the  shore 
line  rapidly  progrades  to  the  shelf  edge,  and 
the  entire  sedimentary  load  is  dumped  on 
the  continental  rise.  This,  in  turn,  causes 
rapid  shelf-flexing,  so  that  the  shore  line 
moves  landward.  This  permits  a  greater 
portion  of  detritus  to  accumulate  in  the 
shelf  wedge  relative  to  that  dumped  on  the 
continental  rise.  Accordingly,  one  can  under- 
stand that,  even  if  the  terrace  wedge  attains 
an  eventual  thickness  of  15,000  feet,  its 
component  beds  all  wiU  be  shallow-water 
deposits. 

Turning  to  another  point,  there  is  a  com- 
mon tendency  in  stratigraphic  reconstruc- 
tions to  reduce  thicknesses  of  geosynclinal 
sedimentary  strata  to  zero,  usually  along 
the  plane  of  sea-level  datum.  All  thickening 
strata  are  thus  visualized  as  again  pinching 


out.  Deposition  within  a  closed  basin  is  the 
forced  conclusion  from  this  mode  of  recon- 
struction. We  suggest  that  this  approach 
often  may  be  incorrect.  The  miogeocline 
characteristically  thickens  out,  terminating 
abruptly  at  the  continental  slope  where  the 
section  is  thickest.  Some  reconstructions  of 
basin  deposits  may  well  be  artifacts  of  the 
philosophy  of  the  reconstructor;  they  may 
be  miogeoclines  instead. 

The  contrasts  between  miogeoclines  and 
cratonic  basins  need  emphasizing.  Miogeo- 
clines are  open-sided  so  that  fine-grained 
clay  minerals  escape  into  deep  water  beyond 
the  continental-shelf  edge.  Shales  should  be 
proportionately  rare  in  miogeoclines  as  com- 
pared to  closed  basins.  There  are,  of  course, 
two  types  of  cratonic  basins,  those  that 
were  once  filled  with  deep  water  and  those 
that  remained  filled  to  the  brim  as  they 
subsided.  The  Ventura  Basin  of  California 
is  an  example  of  the  former  and  the  Illinois 
and  Michigan  basins  are  examples  of  the 
latter. 

A  miogeoclinal  prism  is,  of  course,  readily 
distinguished  from  a  basin  of  the  Ventura 
type,  which  is  filled  with  thick  turbidites 
containing  redeposited  shallow-water  fossils, 
repetitiously  interbedded  with  shales  con- 
taining only  deep  water  and  planktonic 
foraminifera.  Great  thicknesses  of  sediments 
may  accumulate,  up  to  20,000  feet  of  Plio- 
cene alone  in  the  Ventura  Basin,  for  exam- 
ple. By  contrast,  basins  that  remain  filled  as 
they  subsided,  such  as  the  lUinois  and 
Michigan  basins,  become  filled  with  strata 
c|uite  like  those  of  miogeoclines,  and  dis- 
tinguishing the  two  prisms  is  not  simple.  We 
do  not  propose  to  examine  the  differences 
critically,  simply  to  point  out  that  it  is  not 
always  necessary  to  interpret  a  thick  se- 
quence of  ancient  strata  of  shallow-water 
tj-pe  as  necessarily  being  laid  down  in  a 
closed  basin. 

IV.  PALEOZOIC  APPALACHIAN  MIOGEOCLINE 

The  Appalachian  Mountains  include  a 
belt  of  folded  and  faulted  Paleozoic  sedi- 
ments approximately  1,500  miles  in  length 
and  75-150  miles  in  width,  extending  from 
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Alabama  at  the  south  to  Nova  Scotia  and 
Newfoundland  at  the  north.  The  sedimen- 
tary prism  involved  in  this  folded  Appala- 
chian belt  was  the  original  and,  hence,  type 
example  of  a  geosyncline  according  to  Hall 
and  Dana.  However,  it  is  no  longer  regarded 
as  a  true  (or  "eu")  geosyncline  but,  rather, 
as  a  miogeosyncline.  Thus  it  may  be  con- 
sidered the  type  miogeosyncline  or,  in  our 
terminology,  miogeocli)ie,  for  North  America 
at  least. 

As  Cooper  (1964)  has  noted,  two  deposi- 
tional  regimes  are  present  in  the  folded 
Appalachians  west  of  the  Blue  Ridge  line, 
east  of  which  lie  the  crystalline  Appala- 
chians. First,  there  is  a  Cambrian  and  Ordo- 
vician  carbonate  sequence,  with  some  sand- 
stones derived  from  the  craton  to  the  west- 
ward, which  was  laid  down  on  a  strip  of 
subsiding  basement.  This  forms  our  miogeo- 
cline  proper.  Above  this  hes  a  sequence  of 
flysch  and  molasse  deposits  derived  from 
the  east  and  laid  down  subsequent  to  the 
Middle  Ordovician,  shed  from  a  mountain 
belt  of  which  the  crystalline  Appalachians 
are  now  the  remnant  roots.  The  sediments 
of  the  folded  Appalachians  thicken  to  the 
east,  attaining  a  thickness  as  great  as  20,000 
feet,  before  being  abruptly  cut  off  by  erosion 
against  the  Blue  Ridge  line.  In  their  thickest 
section  these  strata  are  roughly  ten  times  as 
thick  as  their  counterpart  strata  in  the  cen- 
tral platform  region  of  the  United  States 
(Knopf,  1948,  p.  649).  However,  even  where 
thickest,  these  deposits  appear  to  be  all 
shallow-water  deposits,  to  judge  by  fossil 
evidence  and  primary  sedimentary  struc- 
tures. 

In  the  Appalachians  of  eastern  Pennsyl- 
vania, folding  is  compressional,  even  iso- 
clinal, with  axial  planes  overturned  to  the 
northwest.  Farther  westward,  the  folds  are 
more  open  and  more  nearly  upright,  and 


deformation  dies  out  step  by  step.  South- 
ward, many  folds  were  ruptured  by  severe 
compression  and  have  developed  into  thrust 
faults.  From  West  Virginia  south,  large- 
scale  thrust  faulting  is  prominent,  with  dis- 
placements of  several  tens  of  miles  to  the 
northwest  indicating  forces  originating  from 
the  direction  of  the  ocean  basin.  Similar 
faulting  is  found  in  northern  New  York  and 
in  Vermont.  Along  the  southeastern  side  of 
the  folded  mountain  belt  lie  the  crystal- 
line Appalachians.  They  are  comprised  of 
gneisses,  schists,  and  slates,  with  granitic 
plutons.  Metamorphism  dies  out  toward  the 
northwest,  and  the  sedimentary  rocks  of  the 
folded  Appalachians  are  essentially  unmeta- 
morphosed. 

The  materials  comprising  the  folded  Ap- 
palachian sedimentary  prism  are  usually 
regarded  as  having  been  laid  down  in  a 
subsiding  trough  or  geosyncline.  However, 
if  continents  accrete  and  if  the  crystalline 
Appalachians  were  created  by  the  collapse 
of  a  continental  rise,  an  alternate  solution  is 
possible,  as  shown  in  the  time-sequence 
block  diagrams  of  figure  5.  Here  the  Cam- 
brian and  Ordovician  carbonate  sequence 
becomes  a  terrace  wedge  or  miogeocline 
deposited  on  the  subsiding  margin  of  a 
smaller  early  Paleozoic  continent. 

It  is  germane  here  to  note  that  this  Ap- 
palachian miogeosyncline  is  wedge-shaped 
rather  than  synclinal  in  form,  that  is,  it  is 
not  a  plano-convex  prism.  This  is  in  accord 
with  what  we  consider  to  be  the  normal 
aspect  of  a  terrace  wedge  which  "disap- 
pears" by  thickening  out.  This  wedge  shape 
is  by  no  means  restricted  to  the  Appalachian 
example,  for  many  other  miogeosynclines 
around  the  world  seem  to  display  this  half- 
geosyncline  aspect.  This  is  our  principal 
justification  for  resorting  to  the  term  "mio- 
geocline" as  a  substitute  for  "miogeosyn- 


FiG.  5. — A  time-sequence  reconstruction  of  our  interpretation  of  the  development  of  the  Appalachian 
miogeocline  (miogeosyncline).  The  miogeocline  is  deposited  as  a  marginal  wedge  on  the  craton  rather  than  in 
an  intracratonic  trough  or  geosyncline.  A,  Initially  (late  Precambrian  to  Middle  Ordovician)  the  miogeocline 
is  deposited  on  a  marginally  flexing  continental  edge  similar  to  the  deposition  on  modern  continental  shelves. 
B,  Orogeny  collapses  the  continental  rise  for  the  first  time  in  Late  Ordovician,  terminating  true  miogeocline 
deposition  and  initiating  molasse  deposition.  C,  Continued  orogeny  and  further  subsidence  of  the  miogeocline 
wedge.  D,  Appearance  as  of  today  but  with  shore  line  showing  maximum  incursion  of  prograding  and  retro- 
grading seas  over  the  coastal  plain. 


Fig.  5 
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cline."  To  explain  the  loss  of  the  "missing 
half"  by  the  conventional  interpretation, 
involving  a  subsiding  trough  and  a  non-ac- 
cretionary  continental  margin,  Kay  (1951) 
suggested  that  a  seaward  missing  limb  was 
overthrust  onto  the  landward  limb  and  that 
subsequently  this  allochthonous  plate  was 
entirely  removed  by  erosion.  Our  alternate 
suggestion  offered  here  at  least  has  the  ad- 
vantage of  actualism;  it  conforms  to  today's 
sedimentary  cycle  along  our  eastern  conti- 
nental  margins. 

V.    WESTERN  NORTH  AMERICAN 
PALEOZOIC  MIOGEOCLINE 

From  latest  Precambrian  through  Paleo- 
zoic time  another  continental-shelf  sediment 
regimen  prevailed  through  much  of  eastern 
California  and  southeastern  and  central 
Nevada.  This  miogeocline  trends  roughly 
north-south  through  Nevada,  abutting  a 
eugeosynclinal  facies  to  the  west,  across  the 
Roberts  Mountains  Thrust.  Deposits  to  the 
east  of  this  thrust  are  primarily  carbonates 
and  orthoquartzites  and  contrast  greatly 
with  the  graywackes,  cherts,  argillites,  and 
volcanics  on  the  other  side  of  the  thrust 
(Kay  and  Crawford,  1964,  p.  428-429). 
Respectively,  these  two  belts  are  parts  of 
Kay's  (1951)  Millard  miogeosyncHne  and 
Frazer  eugeosj'ncline,  which  run  from  Alas- 
ka to  Baja  California.  According  to  Kay, 
the  presence  or  absence  of  basic  volcanic 
rocks  is  a  critical  criterion  for  differentiating 
between  miogeosynclines  and  eugeosyn- 
clines.  Kay  notes  that  only  one  20-foot  flow 
has  been  found  in  the  Millard  belt  but  that 
basic  volcanics  are  abundant  in  the  Frazer 
belt. 

Merriam  (1963)  describes  about  10,000 
feet  of  Cambrian  to  Mississippian  fossilifer- 
ous  shallow-water  carbonates  at  Antelope 
Valley,  Nevada.  There  also,  a  eugeosyncli- 
nal facies  (Vinini  Formation)  consisting  of 
radiolarian  chert,  black  graptolite-bearing 
shale,  sandstone  (turbidite?),  and  some  lava 
and  tuff  has  been  thrust  on  top  of  the  miogeo- 
cline sequence.  By  our  view,  an  area  such  as 
this  marks  the  outer  margin  of  the  Paleozoic 
miogeocline  and  locates  the  position  of  the 


top  of  the  old  continental  slope.  It  would  be 
natural  for  thrusting  to  be  controlled  and 
localized  by  an  old  continental  slope  as  a 
zone  of  weakness  between  sial  and  sima.  We 
feel  that  thrust  faulting  is  the  secondary 
aspect  of  this  contact,  its  role  as  a  continen- 
tal slope  being  more  fundamental.  Accord- 
ing to  Merriam  (1963,  p.  9),  a  "crustal 
shortening"  of,  perhaps,  70  miles  had  oc- 
curred. We  suggest  that  this  is  the  result  of 
the  collapse  of  a  Precambrian  to  early 
Paleozoic  continental-rise  prism  of  which 
the  Vinini  Formation  was  a  part. 

The  trend  of  the  Millard  miogeocline 
changes  from  northeast  to  northwest  in  the 
Inyo  Range  of  California  and  Nevada.  Here 
much  greater  thicknesses  of  limestone,  sand- 
stone, and  shale  crop  out  than  farther  to  the 
east  in  Nevada.  Reed  (1933,  p.  61)  estimates 
the  Paleozoic  to  be  36,000  feet  thick;  how- 
ever, in  the  White  Mountains,  the  northern 
portion  of  the  Inyo  Range,  an  additional 
2,000-3,000  feet  of  latest  Precambrian  must 
be  added  to  the  section.  That  this  miogeo- 
cline did  not  result  from  the  filling  of  a  pre- 
existing basin  is  show  ri  by  shallow-water 
fossils  prevalent  in  almost  every  unit.  Near 
the  base,  for  example,  J.  H.  observed  late 
Precambrian  limestones  (Deep  Springs  For- 
mation) with  well-preserved  calcareous  al- 
gae, indicating  shallow-water  conditions 
from  the  inception  of  the  miogeocline. 

Lowell's  (1960,  p.  11)  reconstruction  of 
the  Ordovician  section  of  this  geosynclinal 
couplet  through  Nevada  and  Utah  is  in 
close  agreement  with  our  interpretation 
(fig.  6).  He  describes  a  transitional  facies 
containing  a  mixture  of  the  shelly  shelf  and 
planktonic  oceanic  faunas  (p.  16).  With 
such  a  reconstruction,  an  original  tectonic 
land  barrier  between  the  couplet  need  not  be 
invoked,  as  was  done  by  Nolan,  Merriam, 
and  Williams  (1956). 

VI.    PRECAMBRIAN  BELT  MIOGEOCLINE 

If  miogeoclines  have  been  deposited  on 
marginal  flexures  throughout  the  phanero- 
zoic  eon,  one  wonders  if  examples  can  be 
found  in  the  Precambrian  as  well.  We  would, 
of  course,  expect  their  lithology  to  be  quite 
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different,  as  the  wholesale  utilization  of 
carbonate  for  shells,  etc.,  other  than  for 
algal  structures,  did  not  begin  until  the 
dawn  of  the  Cambrian.  Three  possibilities 
will  be  suggested  now,  although  this  recon- 
struction becomes  rather  problematical  as 
the  ancient  geologic  record  is  fragmentary. 
The  first  of  these  is  the  Belt  Series  of  western 
North  America. 

The  Belt  Series,  a  thick  and  widespread 
deposit,   is   not   well   understood.    It   is   a 


Campbell,  1963,  p.  1415;  Ross,  1963,  p.  110). 
The  nature  of  the  western  termination, 
where  the  Belt  Series  appears  to  be  the 
thickest,  is  unknown,  being  covered  by- 
Paleozoic  and  later  formations.  Hence,  the 
nature  of  its  western  structure  remains 
speculative.  Contrary  to  Schuchert  (1925, 
p.  214)  and  others,  who  would  envision  off- 
shore landmasses,  we  postulate  a  contem- 
poraneous continental-rise  prism  since  ac- 
creted to  the  continent  as  a  metamorphosed 
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Fig.  6. — Restored  section  of  Lower  and  Middle  Ordovician  rocks  only  from  central  Utah  to  central  Neva- 
da, according  to  Lowell  (1960).  Our  miogeocline  interpretation  agrees  with  this  type  of  reconstruction  except 
that  we  would  be  inclined  to  believe  that  the  eugeosynclinal  sea  was  deeper  than  shown.  The  slope  shown 
would  be  the  former  continental  slope,  the  entire  miogeocline  would  be  emplaced  on  sial,  and  the  flysch-filled 
geosyncline  with  volcanics  on  oceanic  sima.  Redrawn  from  Lowell  (1960). 


monotonous  assemblage  of  thick  units  com- 
posed mainly  of  fine-grained  clastic  rocks 
with  subordinate  carbonates  (Ross,  1963). 
In  gross  structure,  like  a  modern  continental 
terrace  wedge  the  series  thickens  away  from 
the  interior  craton  toward  the  continental 
edge  and  is  ensialic,  being  underlain  by  a 
basement  complex.  To  illustrate  this  thick- 
ening we  can  cite  the  Sheppard  Formation; 
in  Glacier  National  Park  it  is  15,000  feet 
thick  but  80  miles  west;  near  Libby,  Mon- 
tana, it  exceeds  34,000  feet  (Fenton  and 
Fenton,  1957).  Near  the  Idaho-Montana 
border  a  thickness  of  40,000  feet  of  Belt 
metasediments  is  not  unusual  (Harrison  and 


flysch  sequence,  directly  to  the  west  of  the 
last  Belt  sediments — perhaps  how  forming 
much  of  the  basement  complex  throughout 
western  North  America. 

The  Belt  dolomites,  argillites,  and  quartz- 
ites  of  Montana  were  formed  in  shallow 
water,  as  shown  by  extensive  stromatolites 
throughout  the  section;  some  biostromes 
attain  thicknesses  of  150  feet.  Marine  dep- 
osition was,  in  part,  so  shallow  that  the 
sediments  were  exposed  to  the  air,  as  shown 
by  abundant  mud  cracks  and  fossilized 
salt  crystals  (Fenton  and  Fenton,  1957). 
Toward  the  west,  dolomitic  sands  and 
shales    predominate     and    quartzites    are 
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rare,    possibly     indicating    deeper    water. 

The  series  is  little  metamorphosed,  so 
that  its  sedimentary  character  is  obvious. 
In  Montana  the  metamorphism  is  low  grade, 
but  toward  the  west,  in  Idaho  and  Washing- 
ton, it  is  of  higher  grade.  This  metamor- 
phism has  been  interpreted  as  largely  post- 
Beltian,  a  by-product  of  the  emplacement  of 
the  Idaho  batholith  (Heitanen,  1962).  How- 
ever, in  Idaho  and  Washington  some  Beltian 
metamorphism  and  deformation  may  have 
occurred  (Ross,  1934;  1963,  p.  103). 

From  this  description,  there  seems  to  be 
some  justification  for  regarding  the  Belt 
Series  as  a  probable  miogeocline.  It  is  a 
shallow  marine  series  virtually  without  gray- 
wackes  or  volcanics,  and  it  appears  to  be 
ensialic.  Protection  against  tectonism  af- 
forded by  its  ensialic  and  cratonic  position 
may  explain  its  lack  of  tectonism  and  meta- 
morphism. The  Belt  Series  could  have  been 
deposited  easily  on  the  subsiding  margin  of 
the  continent  as  it  then  was  delimited. 
There  seems  to  be  no  compelling  reason  for 
the  existence  of  an  Appalachia;  a  continen- 
tal slope  and  a  continental-rise  prism  could 
have  existed  to  the  west. 

VII.    PRECAMBRIAN    HURONIAN  MIOGEOCLINE 

"The  Disappearance  of  the  Huronian" 
by  Quirke  and  Collins  (1930)  is  a  classic 
paper  of  Canadian  geology.  They  were 
puzzled  by  the  ever  increasing  thickness  of 
the  Huronian  Series  in  Ontario  to  the  south- 
east, followed  by  its  abrupt  disappearance 
along  the  line  now  known  as  the  Grenville 
Front.  These  writers  found  some  metasedi- 
ments  among  the  Grenville  intrusive  rocks 
which  they  thought  were  metamorphosed 
equivalents  of  the  Huronian  rocks.  Accord- 
ingly, they  interpreted  the  disappearance  of 
the  Huronian  to  granitization  on  a  grand 
scale  within  the  highly  intruded  Grenville 
fold  belt. 

The  fact  that  this  view  has  not  fared  well 
in  subsequent  years  is  not  pertinent  here. 
However,  if,  as  seems  quite  likely,  the  Gren- 
ville fold  belt  is  a  zone  of  continental  accre- 
tion, the  Huronian  Series  may  be  a  Pre- 
cambrian  miogeocline  (tig.  7).  By  this  inter- 


pretation the  Huronian  beds  have  not  disap- 
peared but,  instead,  simply  have  terminated 
by  thickening-out  along  a  former  continen- 
tal slope.  The  intruded  gneisses  to  the  south- 
east of  the  Grenville  Front,  also  of  Huronian 
age,  would  then  be  remnants  of  the  former 
continental-rise  prism  and  originally  were 
sediments  of  the  eugeosynclinal  lithofacies. 
Several  aspects  of  the  Huronian  Series 
make  the  miogeoclinal  interpretation  rea- 
sonable. The  series  thickens  progressively 
toward  the  Grenville  Front,  and  it  may  well 
have  been  originally  wedge-shaped.  It  at- 
tains its  greatest  thickness  of  23,000  feet 
near  the  front  (Quirke  and  Collins,  1930,  p. 
31),  which  is  the  right  order  of  thickness  for 
a  miogeocline.  The  beds  appear  to  be  all  of 
shallow-water  marine  facies  and  are  mostly 
protoquartzites  without  true  graywackes 
(K.  Card,  personal  communication).  Carbon- 
ates are  rare,  but,  of  course,  we  should  not 
expect  much  carbonate  in  miogeoclinal 
wedges  of  Precambrian  age  such  as  charac- 
terized those  of  the  Paleozoic. 

VIII.  THE  WITWATERSRAND  MIOGEOCLINE  (?) 

The  Witwatersrand  System  of  South 
Africa  is  generally  considered  as  laid  down 
in  a  cratonic  basin,  the  Rand  Basin,  some 
15,000  square  miles  in  area  (Brock  and 
Pretorius,  1964  a,  b).  It  is  a  suite  of  rocks 
of  unusual  interest  because  of  the  rich 
auriferous  and  uranium-bearing  conglomer- 
ate beds  or  "reefs."  The  ore  deposits  are 
generally  considered  to  be  placers  accumu- 
lated in  an  anaerobic  environment.  The  close 
similarity  of  the  Witwatersrand  quartzites 
to  the  Mississagi  rocks  of  the  Huronian 
Series  of  Canada  is  well  known.  Similar  Pre- 
cambrian deposits  in  the  Jacobina  Moun- 
tains of  Brazil  also  have  been  compared  to 
both  the  Mississagi  and  the  Witwatersrand 
(Bateman,  1958).  Briefly,  the  Witwaters- 
rand consists  of  15,000-19,000  feet  of 
argillaceous  deposits  with  some  conglomer- 
ates, above  which  are  4,000-9,000  feet  of 
quartzite,  conglomerates,  and  some  shales 
which  have  yielded  a  date  of  2,150  m.y. 
(Nicolaysen,  1962,  p.  578).  Only  a  small 
part  of  the  system  is  exposed;  most  of  it 
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lies  beneath  younger  beds  of  the  Venters- 
dorp,  Transvaal,  or  Karroo  systems  or  com- 
binations thereof. 

It  seems  to  us  that  the  entire  Witwaters- 
rand  possibly  might  be  a  middle  Precam- 
brian  miogeocline.  The  thick  andesites  of  the 
overlying  Ventersdorp  System  and  the 
underlying  Dominion  Reef  System,  com- 
pleting the  Witwatersrand  triad,  need  not  be 
included    environmentally    with    the    Wit- 


watersrand proper  in  the  development  of  the 
miogeocline.  Unfortunately,  the  geology  of 
the  Witwatersrand  is  poorly  understood, 
especially  to  the  south,  owing  to  a  thick 
overburden.  Brock  and  Pretorius  (19646, 
p.  554)  note  that  the  source  of  sediments 
was  to  the  north,  for  conglomerate  thick- 
nesses and  particle  size  diminish  southward. 
If  our  evaluation  is  correct,  the  restored  sec- 
tion thickens  to  the  south  and  eventualh' 
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Fig.  7. — Time-sequence  diagram  to  show  an  interpretation  of  the  Huronian  Series  as  a  Precambrian  mio- 
geochne.  The  beds  are  laid  down  as  a  miogeocline  on  a  downflexing  continental  margin  in  Precambrian  time. 
A ,  A  disruption  of  a  miogeocline  occurs  by  the  emplacement  of  the  Sudbury  lopolith.  Here  this  is  interpreted 
as  an  astrobleme,  with  an  extrusive  lopolith  also  created  by  the  meteorite  impact.  This  extraneous  event  has 
complicated  the  geologic  picture.  B,  Shows  the  situation  after  the  emplacement  of  the  Granville  fold  belt  due 
to  the  collapse  of  the  geosyncline  associated  with  the  Huronian  miogeocline. 
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abuts  a  deformed  sequence  of  mid-Precam- 
brian  age  but  of  eugeosynclinal  character 
(Archean  tjpe).  Nicolaysen  (1962)  recently 
identified  a  fold  belt  of  roughly  Grenville  age 
(about  1,200  m.y.)  across  the  end  of  South 
Africa  and  inside  the  Cape  fold  belt.  Thus, 
although  the  evidence  is  now  hidden  beneath 
the  Karroo  cover,  one  may  speculate  that 
the  Witwatersrand  Series  terminates  against 
this  fold  belt. 

It  seems  to  us  that  interpreting  the  Wit- 
watersrand as  a  miogeocUnal  prism  has 
some  appeal.  The  southern  extent,  and  so 
the  mode  of  termination  of  this  deposit,  is 
"blind";  hence,  the  usual  closed-basin  inter- 
pretation is  by  no  means  certain,  and  the 
paucity  of  shales  does  not  favor  it.  The  com- 
plete lack  of  turbidites  and  the  abundant 
evidence  for  shallow-water  deposition  would 
seem  to  rule  out  a  basin  which  was  at  any 
time  unfilled.  The  quartz  sandstones  are 
well  sorted  and  clean,  as  would  be  antici- 
pated under  a  regime  of  prograding  and 
retrograding  shore  lines  over  a  downflexing 
ancient  continental  margin. 

We  emphasize  that  this  interpretation  is 
highly  tentative  and  merely  a  suggestion 
for  future  consideration.  The  closed-basin 
interpretation  for  thick  deposits  is  usually 
resorted  to  without  thought  of  the  miogeo- 
clinal  interpretation. 

IX.    MIOGEOCLINES  AND  CONTINENTAL 
ACCRETION 

Our  concept  interlocks  with  the  belief 
that  continents  have  grown  through  geologic 
time  by  accretion.  A  possible  mechanism  for 
this  growth  appears  to  be  by  the  collapse  of 
former  continental-rise  prisms  laid  down  at 
the  base  of  the  continents  as  geosynclinal 
fold  belts  (Dietz,  1963). 

Following  the  lead  of  Schuchert,  con- 
tinents such  as  North  America  are  presumed 
on  paleogeographic  maps  to  have  main- 
tained fixed  boundaries  and  configurations. 
Such  maps  usually  show  the  maximum  in- 
vasion of  platform  or  epeiric  seas  over  the 
continental  craton  against  the  background 
of  the  present  shoreline  of  North  America, 


even  though  it  is  generally  recognized  that 
this  shore  line  is  ephemeral  and  the  true 
continental  boundary  is  the  continental 
slope.  If  continental  accretion  is  real,  anoth- 
er type  of  paleogeographic  construction  is 
useful  which  more  correctly  emphasizes  for- 
mer continental  boundaries.  This  boundary 
is,  of  course,  the  continental  slope  and  not 
the  shore  line.  Figure  8  is  an  attempt  at  a 
paleogeographic  map  showing  our  presumed 
position  of  the  continental  slope  around 
North  America  in  a  generalized  manner  in 
the  early  Middle  Ordovician  time.  The  outer 
limits  of  the  early  Paleozoic  miogeoclines 
are  chosen  to  delineate  the  former  position 
of  the  continental  slope.  Subtracted  from 
the  modern  continental  block,  and  shown  as 
realms  of  continental-rise  prisms,  are  the 
geosynclinal  fold  belts  presumed  to  have 
been  accreted  in  the  later  Paleozoic  for  both 
eastern  and  western  North  America  and  in 
the  Mesozoic  for  western  North  America 
alone. 

To  further  emphasize  the  continental-ac- 
cretion theme,  figure  9  is  offered.  This  shows 
three  accretionary  elements  for  eastern 
North  America  on  the  top  of  which  three 
ensialic  miogeoclines  have  been  laid  down 
over  geologic  time  commencing  with  the 
Huronian  miogeocline,  the  Appalachian  mio- 
geocline,  and  the  still  living  Atlantic  miogeo- 
cline. All  these  miogeoclines  seem  to  termi- 
nate by  thickening  out,  against  an  Archean- 
type  fold  belt  for  the  older  miogeoclines  and 
against  the  Atlantic  Ocean  for  the  modern 
Atlantic  miogeocline. 

We  are  inclined  to  believe  in  continental 
drift  whereby  continents  have  been  formerly 
rifted  and  drifted  apart.  There  is  nothing 
inconsistent  about  continental  accretion  and 
continental  rifting,  both  having  occurred. 
Our  reconstruction  here,  however,  does  rule 
out  the  possibility  of  a  Pangaea  reconstruc- 
tion whereby  the  North  African  bulge  was 
once  against  North  America.  However,  it  is 
consistent  with  a  Laurasia  reconstruction 
whereby  North  America  and  Europe  were 
welded  north  of  Newfoundland  and  an 
entirely  separate  Gondwana  reconstruction. 
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X.   CONCLUSIONS 

We  have  attempted  to  show  that  margin- 
al continental  flexures,  capped  by  wedge- 
shaped  deposits  ("healing  sedimentation") 
have  characterized  the  edges  of  continents 


cally  logical  mode  of  sedimentation.  Al- 
though we  are  not  entirely  satisfied  with  our 
explanation  for  such  sedimentation,  we  re- 
main convinced  that  this  is  the  basic  sedi- 
mentational  form  of  miogeoclines.  The  mio- 


FiG.  9. — A  pictorial  representation  of  our  interpretation  of  the  development  of  miogeoclines  through  geo- 
logic time  in  eastern  North  America.  Three  miogeoclines  in  turn  have  developed  on  fold  belts  after  their 
erosion  and  stabilization  and  incorporation  into  the  stable  craton  of  North  America. 


in  the  past  as  well  as  now.  Owing  to  conti- 
nental accretion,  however,  these  miogeo- 
clines are  found  within  the  craton.  In  turn, 
these  miogeoclines  can  be  used  to  help  define 
the  zones  of  continental  accretion. 

We  question  the  reluctance  of  many 
geologists  to  accept  wedge-shaped  prisms, 
containing  beds  that  thicken  out,  as  a  basi- 


geocline  interpretation  may  well  apply  to 
many  deposits  now  considered  as  having 
been  laid  down  in  cratonic  basins. 
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DEEP-SEA  DEPOSITS  IN  BUT  NOT  ON  THE  CONTINENTS^ 

ROBERT  S.  DIETZ-'  and  JOHN  C.  HOLDEN= "  / 

Rockville,  Maryland 

ABSTRACT 

The  early  principle  of  geology  that  deep-sea  deposits  do  trot  occur  on  continents  has  been  seri- 
ously challenged  by  both  paleontologists  and  marine  geologists.  So,  in  turn,  has  the  dependent  Doc- 
trine of  Vertical  Permanency,  according  to  which  "elevator  tectonics"  with  relative  changes  between 
ocean  basin  and  continental  levels  do  not  take  place.  (Other  aspects  of  permanency,  such  as  perma- 
nency of  continents  in  position  as  opposed  to  drift,  or  of  their  areal  plan  as  opposed  to  accretion, 
are  independent  questions.) 

The  writers  agree  with  those  who  ascribe  a  deep-sea  (>2,0CX}  meters)  environment  to  radiolarian 
cherts,  graptolite  shales,  and  graywackes.  Recognition  of  the  role  of  turbidity-current  emplacement 
has  altered  the  interpretation  of  much  of  the  evidence  for  these  lithofacies  being  shallow-water  beds, 
e.g.,  sandstone  layers,  current  ripples,  neritic  faunal  remains,  and  plants.  From  a  worId-v,'ide  review 
of  the  well-known  localities,  the  writers  lind,  however,  that  such  hemipelagic  deep-water  deposits 
are  confined  uniquely  to  the  eugeosynclinal  facies.  It  is  suggested  that  this  facies  is  deposited  originally 
at  the  base  of  the  continental  slope  as  a  continental-rise  prism;  hence,  it  is  ensimatic  rather  than  en- 
sialic  as  are  other  marine  deposits  found  on  continents.  Subsequently,  landward  thrusting  causes  con- 
tinental accretion  and  orogeny.  The  collapsed  eugeosynclinal  prism  thus  becomes  a  part  of  the  deep 
continental  fabric.  The  incorporated  deep-sea  sediment  may  be  considered  conveniently  as  being  in 
the  continent. 

By  this  proposed  process,  the  Doctrine  of  Vertical  Permanency  is  sustained  even  though  deep- 
sea  deposits  do  bulk  large  in  eugeosynclinal  fiysch. 


Introduction 
The  belief  among  geologists  that  deep-sea 
deposits  are  absent  from  the  continents  is  wide- 
spread. Their  absence  was  averred  as  early  as 
1864  by  James  D.  Dana.  Reiterated  by  such  men 
as  Sir  John  Murray,  Bailey  Willis,  and  T.  C. 
Chamberlin,  this  absence  became  the  keystone  of 
the  Doctrine  of  Permanency.  This  doctrine  usually 
is  attributed  to  James  D.  Dana  (1864,  p.  732), 
who  simply  stated  that  "the  continents  and 
oceans  had  their  general  outline  or  form  defined 
in  earliest  time."  Subsequently,  permanency  has 
been  variously  interpreted  and  extended  by  Dana 
(1873)  himself  and  many  others.  In  its  most 
complete  form,  it  seems  to  have  at  least  three  fa- 
cets: (1)  geographic  permanency — that  conti- 
nents have  remained  fixed  in  geographic  position, 
and  so  have  not  drifted;  (2)  areal  permanency — 
that  continents  and  ocean  basins  have  maintained 
their  outline  and  horizontal  plan;  therefore,  con- 
tinental accretion  has  not  occurred;  and  (3)  ver- 
tical permanency — that  the  continents  always 
have  remained  as  elevated  blocks  and  the  ocean 
basins  always  have  remained  as  depressed  regions 
without  any  interchange  of  level. 

^Manuscript   received,   January   29,    1965. 

'  United   States   Coast   and   Geodetic   Survey. 

'Present  address:  Environmental  Science  Services 
Administration,  Institute  of  Oceanography,  Rockville, 
Md.  208S2. 

■*  Present  address:  Department  of  Paleontology,  Uni- 
versity of  California,  Berkeley,  Calif.  94720. 


Sir  John  Murray  (in  Murray  and  Renard, 
1891,  p.  189)  wrote:  "With  some  doubtful  excep- 
tions, it  has  been  impossible  to  recognize,  in  the 
rocks  of  the  continents,  formations  identical  with 
those  of  pelagic  deposits."  Also,  'Tt  seems  doubt- 
ful if  the  deposits  of  the  abyssal  areas  have  in 
the  past  taken  any  part  in  the  formation  of  ex- 
isting continental  masses." 

An  explicit  assertion  of  permanency  was  for- 
mulated by  Bailey  Willis  (1910):  "The  great 
ocean  basins  are  permanent  features  of  the 
earth's  surface,  and  they  have  existed  where  they 
now  are,  with  moderate  change  of  outline,  since 
the  waters  first  gathered." 

Chamberlin  (1914)  held  that  deposits  which 
were  suspected  to  be  of  deep-sea  origin  were  lo- 
cated in  certain  special  geographic  and  geologic 
locations,  i.e.,  at  the  margins  of  continents  and  in 
blocks  intermediate  between  well-defined  ocean- 
ic realms  and  continental  blocks.  Accordingly, 
Chamberlin  thought  that  such  deposits  did  not 
conflict  with  the  concept  of  permanency.  Davis 
(1918)  pointed  out,  however,  that  identical  rocks 
also  occur  well  inland,  e.g.,  in  the  Alps,  in  the 
Urals,  and  in  the  Sierra  Nevada  Range  of  Califor- 
nia. A  similar  and  more  recent  pro-permanency 
opinion  is  that  of  Gilluly  et  al.  (1951),  who  in 
Principles  of  Geology,  write  that:  "Deposits  of 
the  organic  oozes  and  red  clay  characteristic  of 
really  deep  sea,  .  .  .  seem  to  be  exceedingly  rare 
or  missing  from  the  continents."  Gilluly  (1955) 
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later  states  that;  "Even  if,  as  seems  unlikely,  all 
the  rocks  from  Timor,  the  Alps,  Barbados,  and 
Cuba  that  have  been  thought  to  be  pelagic  are 
really  so,  their  total  bulk  is  trivial  compared  with 
that  of  the  secular  accumulation  of  pelagic  sedi- 
ments" (p.  10). 

In  its  classical  context,  it  seems  quite  clear 
that  Dana  was  speaking  of  vertical  permanency 
since  the  geologists  of  his  era  assumed  other  as- 
pects of  permanency  to  be  self-evident.  Ac- 
cordingly, vertical  permanency  would  seem  to  be 
permanency  sensu  stricto. 

As  with  most  geologic  doctrines,  the  concept  of 
vertical  permanency  of  continental  blocks  and 
ocean  basins  has  not  gone  unquestioned.  In  fact, 
many  geologists  disagree  because  of  their  deep-sea 
interpretation  of  radiolarian  cherts  and  graptolite 
shales.  Among  these  dissenters  are:  Molengraaff 
(1915),  Steinmann  (1905),  Suess  (1909),  and 
Ruedemann  and  Wilson  (1936).  Ruedemann  and 
Wilson,  for  instance,  writing  about  the  cherts  and 
pure  graptolite  shales  of  New  York  State,  stated 
that  the  radiolarites  in  this  area  contain  "...  a 
marked  element  of  abyssal  forms."  "The  great 
thickness  of  the  chert  beds,  together  with  their 
wide  distribution,  proves  that  the  process  of 
chert  deposition  was  long  persistent  over  a  wide 

area conditions  [are  like  those]   found 

only  at  great  depths."  ".  .  .  these  beds  were  formed 
at  depths  of  no  less  than  2,000  fathoms.  .  .  ." 

The  strength  of  the  Doctrine  of  Permanency 
has  caused  many  would-be  dissenters  to  reconsid- 
er and  be  cautious.  This  seems  to  have  been  espe- 
cially true  of  E.  F.  Davis  (1918),  who,  discussing 
the  radiolarian  cherts  of  the  Franciscan  Forma- 
tion, stated:  "Even  in  the  absence  of  much  evi- 
dence of  a  positive  nature  against  the  idea  of 
abyssal  deposition,  one  would  feel  hesitant  about 
ascribing    to    the    cherts    a    deep-sea    origin." 

For  geology  to  progress,  it  is  not  enough  to 
collect  new  facts.  Doctrines  must  be  challenged 
and  constantly  reappraised.  In  this  spirit,  the 
writers  offer  here  a  compromise  view.  They  sug- 
gest that  deep-sea  deposits  actually  are  extensive- 
ly developed  within  the  continents.  Furthermore, 
the  interpretation  is  not  in  basic  disagreement 
with  the  views  of  Murray  or  Gilluly  as  previous- 
ly {|Uoted.  They  were  speaking  of  eupelagic  sedi- 
ments on  the  open-ocean  floor,  whereas  the  writ- 
ers are  referring  mostly  to  hemipelagic  sediments 
on  the  continental  rise  at  the  base  of  the  continen- 
tal slope. 


This  paper  deals  with  vertical  permanency  be- 
cause the  presence  or  absence  of  deep-sea  sedi- 
ments on  continents  is  especially  relevant  to  this 
problem.  All  aspects  of  permanency  have  been 
reviewed  critically  during  recent  years  with 
significant  progress  being  made  against  certain 
aspects  of  permanency.  The  writers,  for  example, 
are  inclined  to  accept  the  hypotheses  of  continen- 
tal accretion,  continental  rifting,  and  continental 
drifting.  Yet,  in  this  paper,  the  writers  attempt  to 
support  vertical  permanency  in  spite  of  the  pres- 
ence of  deep-sea  deposits  within  continents.  Geol- 
ogy has  few  accepted  laws.  It  seems  worthwhile 
not  only  to  establish  new  principles  but  also  to 
try  to  redefine,  bolster,  and  reaffirm  any  old  ones. 

Definition  or  Deep-Sea  Deposits 

For  meaningful  discussion,  a  precise  definition 
of  the  term  deep-sea  deposits  is  required.  For  the 
purposes  of  discussion,  sediments  laid  down  at 
depths  greater  than  2,000  meters  (about  1,000 
fathoms)  are  considered  to  be  deep-sea  deposits. 
This  usage  is  more  inclusive  than  the  terms  abys- 
sal or  hadal  deposits  and  includes  almost  all  sedi- 
ments deposited  in  the  oceanic  basins.  The 
2,000-meter  isobath  is  a  level  about  half  way  down 
the  continental  slope  or  about  one  half  of  the 
isostatic  freeboard  of  the  continental  blocks.  This 
round  number  seems  to  be  useful  as  it  is  not 
greatly  different  from  the  mean  oceanic  depth 
(2,440  m.)  and  is  below  what  usually  is  regarded 
as  the  top  of  the  bathyal  zone.  By  using  this 
definition,  sediments  laid  down  on  the  upper  con- 
tinental slopes  and  at  shallower  depths  are  exclud- 
ed. It  should  be  emphasized  that  depth  of  deposi- 
tion and  the  marine  environment  are  the  essence 
of  the  term  deep-sea  deposits.  A  deposit  need  not 
necessarily  be  eupelagic,  that  is,  composed  domi- 
nantly  of  the  remains  of  globigerinids,  diatoms, 
or  radiolarians,  all  of  which  settle  from  the  open 
sea.  Although  composed  largely  of  terrestrial  de- 
tritus, hemipelagic  sediments  washed  out  from 
the  continental  block  qualify  equally  well  as  deep- 
sea  deposits. 

Deep-Sea  Deposits  In  but 

NOT  0?z  Continents 

For  clarity,  a  restatement  of  the  proposed  re- 
lation of  deep-sea  sediments  to  continents  is 
given.  This  point  of  view  is  then  defended  in  the 
remainder  of  the  paper.  The  writers  suggest  that: 
deep-sea  deposits  arc  absent  jrom  the  supra-conti- 
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nental-platjorm,  molasse,  and  miogeosynclinal  fa- 
des, but  they  bulk  large  in  the  eugeosynclinal  ja- 
des which  is  orogenically  folded  into  the  deep 
fabric  of  continents  during  continental  accretion. 
Or,  in  a  simplified  statement,  deep-sea  sedimenta- 
ry rocks  occur  in  but  not  on  the  continents.  Al- 
though exceptions  to  this  statement  may  exist, 
they  are  not  sufficiently  numerous  to  invalidate 
the  principle.  Two  points  require  emphasis.  First, 
the  writers  suggest  that  deep-sea  sediments  occur 
only  in  the  eugeosynclinal  facies.  Second,  the  rise 
and  fall  of  sialic  crustal  blocks  from  atmospheric 
levels  to  abyssal  depths  ("elevator  tectonics") 
need  not  be  invoked  to  explain  the  presence  of 
deep-sea  deposits  in  continents.  Thus,  vertical 
permanency  in  the  classical  sense  is  not  violated. 

Deep-Sea  Sediments,  Continental 
Rises,  and  Eugeosynclines 

The  writers  would  like  now  to  elaborate  ^n  the 
question  of  in  versus  on  continents.  To  do  this  it 
is  necessary  to  favor  a  particular  hypothesis  re- 
garding the  nature  of  geosynclines  and  to  dissent 
from  other  views  such  as  the  tectogene  concept 
of  Kuenen  (1937)  or  the  tectonic  borderland-is- 
land arc  version  of  Kay  (19S1).  By  preference, 
the  actualistic  concept  of  geosynclines  and  moun- 
tain building  (Dietz,  1963)  is  followed.  This  is 
recapitulated  here  in  a  time-sequence  diagram 
(Fig.  1).  Brieily,  according  to  this  concept,  eu- 
geosynclinal prisms  of  the  past  may  be  equated 
to  thick  prisms  of  sediments  which  comprise 
modern  continental  rises  (hence  the  concept  is 
actualistic).  These  prisms  eventually  are  folded 
against  the  continental  blocks  by  thrusting  from 
the  sea  floor,  resulting  not  only  in  mountain-mak- 
ing of  so-called  "alpine-type"  flysch  mountains,  but 
also  in  continental  accretion.  In  fact,  mantle 
thermal  convection  is  accorded  the  fundamen- 
tal role;  the  mountain-building  and  continental 
growth  are  the  by-products.  It  is  significant  that 
the  eugeosynclinal  prism  is  laid  down  on  the 
ocean  floor  and  is  thus  ensimatic  and  not,  as  with 
other  geosynclinal  hypotheses,  ensialic.  Because 
the  eugeosynclinal  prism  is  folded  into  the  total 
deep  fabric  of  the  continental  plate  and  not  onto 
the  top  of  an  older  continental  basement,  the 
expression  "in  continents"  rather  than  "on  conti- 
nents" becomes  meaningful. 

Some  may  object  to  the  contention  that  eugeo- 
synclines are  not  supra-continental  because  sialic 
basement  is,  in  a  few  places,  found  underlying 


parts  of  flysch  deposits.  Eugeosynclinal  sediments 
are  laid  down  at  the  base  of  the  continental 
slope,  with  the  result  that  the  landward  part  of 
this  prism  uplaps  and  overlies  a  sialic  basement 
along  the  cratonic  side.  Also,  with  the  collapse  of 
the  continental-rise  prism,  thrusting  toward  the 
heartland  occurs  and  the  prism  tends  to  be  over- 
thrust  on  and  into  the  craton.  Thus,  the  presence 
in  a  few  places  of  sialic  basement  rocks  beneath 
parts  of  eugeosynclines  does  not  vitiate  the  con- 
tention that  eugeosynclines  are  in  continents. 

By  way  of  further  explanation.  Figure  2  shows 
schematically  the  major  lithofacies  for  marine 
and  part-marine  sediments,  e.g.,  platform,  mo- 
lasse, miogeosynclinal,  and  eugeosynclinal.  The 
first  three  are  supra-continental  strata  and,  as 
such,  are  surficially  disposed  so  that  one  may 
speak  of  them  as  being  on  the  continent.  The  eu- 
geosynclinal facies  is  folded  into,  and  makes  up 
the  deep  fabric  of  the  continent.  One  may,  there- 
fore, say  it  is  in  the  continent. 

This  interpretation  of  geosynclines  has  several 
important  ramifications:  (1)  isostasy  is  not  vio- 
lated; (2)  there  is  no  need  for  "oceanization"  of 
sialic  blocks  or  sialization  of  oceanic  blocks;  and 
(3)  the  presence  of  deep-sea  deposits  in  eugeo- 
synclines is  explained  without  resorting  to  "eleva- 
tor tectonics." 

Radiolarian  Cherts  and  Graptolite 
Shales  as  Deep-Sea  Deposits 

The  writers  would  like  to  show  next  that  ra- 
diolarian cherts,  especially  where  associated  with 
graptolite  shales  and  many  other  proposed  deep- 
sea  deposits,  most  likely  are  deposited  on  the 
continental  rise  and  so  are  indeed  deep-sea  in  na- 
ture, albeit,  hemipelagic.  Much  argument  of  the 
past,  e.g.,  whether  radiolarian  cherts  are  deep-sea, 
has  been  concerned  with  whether  they  are  conti- 
nental-slope deposits  or  open  and  abyssal  deep-sea 
deposits,  deposited  in  an  environment  similar  to 
that  of  modern  biogenic  oozes.  (One  can  not  ex- 
pect to  find  many  examples  of  Globigerina  ooze 
in  the  continents,  as  pelagic  Foraminifera  did  not 
exist  until  the  mid-Mesozoic.)  It  is  well  to  em- 
phasize that  early  writers  did  not  recognize  the 
existence,  let  alone  the  importance,  of  the  conti- 
nental-rise realm.  This  is  a  transitional  realm  in 
sedimentary  character,  but  entirely  a  deep-sea 
realm  in  terms  of  depth  (thus  unlike  the  conti- 
nental slope  which  is  transitional  with  respect  to 
depth).  With  the  deeper-than-shelf  deposition  ac- 
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Fig.  1. — Time-sequence  block  diagram  of  growth,  maturation,  collapse,  and  accretion  to  the  continents 
of  a  hypothetical  eugeosyncline.  By  this  rationale,  eugeosynclinal  prisms  of  past  are  equated  with  thick 
prisms  of  sediments  which  comprise  modern  continental  rises  (B,  C).  These  prisms  eventually  are  accreted  to 
continent  by  sea-floor  thrusting,  resulting  in  mountain-building  of  alpine  or  flysch  type. 


cumulating  on  the  continental  rise,  rather  than  the 
continental  slope,  much  of  the  disagreement  finds 
compatible  concordance. 

Abundant  radiolarians  and  planktonic  grapto- 
lites  are  characteristic  of  deep-water  deposits.  The 
now-extinct  graptolites  were,  in  large  part,  plank- 
tonic. Radiolarians  are  entirely  planktonic  but  are 
vertically  zoned  in  the  water  column.  As  a  taxo- 
nomic  group,  the  radiolarians  favor  offshore  envi- 


ronments characteristic  of  the  open  ocean  or 
"blue  water"  overlying  abyssal  depths.  This  was 
emphasized  by  Ruedemann  and  Wilson  (1936), 
who  pointed  out  that  modern  species  are  virtually 
absent  from  the  North  and  Baltic  Seas.  These  au- 
thors suggest  a  deep-sea  origin  for  the  New  York 
Ordovician  radiolarian  cherts,  based  on  the  pres- 
ence of  several  still-extant  genera  which  are  re- 
stricted to  deep-water  zones  in  modern  seas.  They 
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Fig.  2. — Block  diagram  schematically  depicting  conditions  off  eastern  United  States.  It  shows  contrast 
between  rock  facies  which  are  i?i  and  those  which  are  on  continents,  Eugeosynclinal  deposits  are  accretionary 
elements  folded  into  deep  fabric  of  continental  block  forming  ensimatic  facies.  In  contrast,  other  major  sedi- 
mentary facies  (platform  beds,  molasse,  and  miogeosynclinal  deposits)  are  ensialic  deposits  resting  on  conti- 
nental block. 


believe  this  fauna  to  be  indicative  of  a  depth  of 
at  least  2,000  fathoms.  The  same  graptolite-ra- 
diolarian  facies  extends  to  Newfoundland  (Samp- 
son, 1923)  and  is  found  also  in  Great  Britain 
(Dewey  and  Flett,  IQll;  Peach  and  Home, 
1899). 

Much  has  been  written  regarding  dei.^th  of  radi- 
olarite  deposition  and  the  association  of  these 
rocks  in  the  so-called  Steinmann  Trinity  (spilites, 
cherts,  and  ultrabasics).  Suess  (1900)  noted  the 
association  of  such  "green  rocks"  or  greenstones 
with  respect  to  the  thrust  sheets  of  the  Alps  and 
with  the  Franciscan  graywackes  in  the  California 
coast  ranges.  More  recently,  Triimpy  (1960)  ac- 
cepted Steinmann's  deep-sea  origin  of  the  e.xten- 
sive  radiolarites  in  the  Alps.  Peach  and  Home 
(1899)  pointed  to  the  association  of  spilites  and 
pillow  lavas  with  radiolarites  and  graptolite  shales 
in  the  Scottish  Highlands;  they  assigned  a  deep- 
sea  origin  to  the  suite.  Similar  rocks  in  New  Zea- 
land and  Australia  also  have  been  regarded  as  of 
deep-sea  origin  (Kobayashi,  1942). 

A  distinction  must  be  made  between  radiolari- 
an  cherts  and  shales  containing  radiolarians.  The 
former  occur  only  in  the  eugeosynclin.al  facies 
and  contain  a  mixture  of  both  large  (presumably 
deep-water  forms)  and  small  species  of  radiolari- 
ans. The  latter  are  found  in  certain  supra-conti- 
nental shales,  and  seem  to  be  uniformly  small 
(less  than  1/10  mm.;  Orville  Bandy,  personal 
communication). 

The  association  of  radiolarites  with  manganese 
deposits  has  been  regarded  as  a  criterion  of  deep- 
sea   deposition,   especially  with   reference   to   the 


manganese  nodules  of  the  Danau  Formation  of 
Borneo  (Brouwer,  1925;  Molengraaff,  1909, 
1915).  The  presence  of  manganese  can  not  be 
used  as  definitive  proof  of  deep-sea  origin;  how- 
ever, it  can  be  used  as  supporting  evidence  where 
present  in  deposits  possessing  other  deep-water 
characteristics.  Taliaferro  (1943)  noted  that 
manganese  is  associated  with  the  radiolarian 
cherts  of  the  Franciscan  Formation.  Likewise,  the 
Ordovician  radiolarian  cherts  of  Notre  Dame 
Bay,  Newfoundland,  are  manganese-rich,  one 
30-foot  section  containing  5.16  per  cent  manga- 
nese (Sampson,  1923).  Important  manganese-rich 
cherts  also  occur  in  Turkey  (Tromp,  1948), 
Washington  State  (Park,  1946),  and  in  several 
other  parts  of  the  world. 

The  late  Eocene  "radiolarian  earth"  of  the 
Oceanic  Formation  in  Barbados  Island  commonly 
is  cited  as  an  example  of  a  deep-sea  deposit  of 
the  eupelagic  type  (Jukes-Brown  and  Harrison, 
1892;  Scrivenor,  1912;  Senn,  1940).  This  forma- 
tion was  examined  by  one  of  the  writers  (Hol- 
den),  and  is  not  at  all  a  typical  eugeosynclinal 
deposit.  However,  it  is  not  in  violation  of  the 
principle  discussed  in  this  paper.  Barbados  is  not 
properly  a  part  of  the  continental  block;  instead 
it  lies  on  the  outermost  of  three  subparallel 
oceanic  arcs  of  the  Lesser  Antilles  extending 
from  Venezuela  to  Puerto  Rico.  According  to  the 
micropaleontologic  studies  of  Beckmann  (1953), 
the  deposits  probably  were  laid  down  in  depths 
not  exceeding  500  fathoms.  The  Oceanic  Forma- 
tion would  be  an  example  of  a  eupelagic  deposit 
accumulated    in    water    of    intermediate    depth. 
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Great  depth  per  se  seems  to  be  a  usual  rather 
than  a  necessary  characteristic  of  eupelagic 
deposits.  Very  likely,  the  Oceanic  Formation  was 
laid  down  not  on  the  deep-sea  floor  but  in  a 
depression  on  a  topographic  high  in  the  open  sea 
where  only  pelagic  detritus  could  accumulate. 

EUGEOSYNCLINES    AND   TURBIDITES 

The  turbidity-current  concept  (Kuenen,  1950; 
Heezen  et  al.,  1959;  Ericson  et  al.,  1961)  has  done 
much  to  dispel  the  belief  that  sediments  of  the 
eugeosynclinal  facies  were  deposited  in  shallow 
water  as,  for  example,  supposed  by  Taliaferro 
C1943)  for  the  Franciscan  suite  of  California. 
Sandstone  beds,  conglomerate,  and  ripple  marks 
no  longer  constitute  valid  criteria  for  shallow- 
water  deposition.  On  the  contrary,  the  graded 
beds  and  various  sole  markings  found  in  these 
beds  are  the  hallmarks  of  turbidity  currents. 
Though  turbidites  need  not  necessarily  be  deep- 
sea  deposits,  most  modern  turbidites  are  being 
laid  down  on  the  continental  rise  in  depths  great- 
er than  2,000  meters.  The  great  thickness  of 
many  flysch  sequences  suggests  deposition  in  deep 
basins  probably  of  oceanic  depth. 

Following  the  lead  of  Kuenen,  many  students 
now  equate  turbidites  with  flysch  and  graywacke, 
the  lithofacies  of  eugeosynclines.  This  seems 
justifiable,  at  least  in  a  generalized  sense,  if  one 
bears  in  mind  that  modern  turbidites  may  not 
have  originated  in  precisely  the  same  manner  as 
their  older  presumed  lithologic  equivalents 
(Emery,  1964).  Of  all  modern  turbidite  environ- 
ments, the  continental  rises  are  by  far  the  most 
important.  In  fact,  the  rises  are  extensive 
enough  to  appear  clearly  on  any  hypsographic 
curve  of  the  earth.  Geophysical  data  confirm  the 
relatively  large  thickness  of  the  sedimentary 
prism  under  continental  rises  (Drake  et  al.,  1959; 
Ewing  and  Ewing,  1964).  In  terms  of  economy 
and  simplicity,  then,  there  is  justification  for 
equating  turbidite  sequences  with  continental-rise 
prisms.  Though  eugeosynclines  are  filled  with 
sediments  of  the  turbidite  facies,  it  does  not  fol- 
low that  turbidites  invariably  identify  eugeosyn- 
clines, for  they  occur  in  other  environments.  Thus, 
the  Martinsburg  shale  in  the  folded  Appalachians 
is  a  turbidite  sequence,  but  it  presumably  fills  a 
cratonic  basin  rather  than  a  eugeosyncline,  as  as- 
sociated rocks  of  the  Steinmann  Trinity  are  ab- 
sent. The  turbidites  of  the  California  Ventura 
basin  also  belong  in  this  category. 


Radjolarites,  Graptolite  Shales, 
AND  Eugeosynclines 

The  writers  have  attempted  to  show  that  radi- 
olarites  and  graptolite  shales  very  likely  are 
deep-water  facies.  A  distinction  must  be  drawn 
between  mixed  graptolite  shales,  such  as  the 
Utica,  and  the  true  or  pure  graptolite  shales,  such 
as  the  Normanskill.  The  writers  are  referring  here 
to  the  true  graptolite  shales  characterized  by  high 
carbon  and  pyrite  content  and  without  any  asso- 
ciated benthonic  fauna.  An  attempt  also  has  been 
made  to  show  that  the  eugeosynclinal-flysch-gray- 
wacke  suites  most  likely  were  laid  down  on  conti- 
nental rises  and  hence  are  deep-sea  deposits.  It  is 
useful  then  to  know  to  what  extent  radiolarites 
and  graptolite  shales  are  associated  with  eugeo- 
synclinal prisms.  Accordingly,  the  literature  has 
been  reviewed  extensively  to  determine  this  rela- 
tionship. The  results  are  shown  in  Table  I  and 
are  plotted  in  Figure  3  to  show  the  distribution 
of  radiolarites  and  graptolite  shales  around  the 
world.  This  table  does  not  include  all  available 
data,  but  it  is  believed  that  it  is  a  reasonably 
complete  summary  of  the  better-known  localities 
for  radiolarites  and  graptolite  shales.  With  very 
few  and  questionable  exceptions,  these  beds  are 
associated  with  eugeosynclines.  In  some  localities 
other  interpretations  are  possible,  but  in  no  case 
are  they  found  in  a  geological  situation  which 
may  be  regarded  as  clearly  supra-continental  (en- 
sialic).  These  beds,  or  other  strata  which  could 
be  interpreted  as  deep-sea  facies,  seem  to  be  en- 
tirely absent  from  platform  strata,  miogeosyn- 
clines,  and  molasse. 

In  a  treatment  such  as  this,  a  definition  of  the 
eugeosynclinal  facies  should  be  offered  for  clari- 
ty. This  facies  consists  of  a  very  thick  section  of 
graywackes  (equals  flysch  or  turbidite).  It  is  usu- 
ally highly  folded,  somewhat  metamorphosed, 
and  intruded  by  plutons.  Usually  associated  are 
rocks  of  the  so-called  Steinmann  Trinity:  spilites, 
ultrabasics  (especially  serpentinites),  and  ra- 
diolarian  cherts.  For  the  purposes  of  this  paper, 
it  would  be  arguing  in  a  circle  to  define  a  eugeo- 
synclinal suite  by  the  presence  of  radiolarian 
cherts.  Hence,  these  cherts  are  regarded  here  as 
eugeosynclinal  only  on  the  basis  of  other  charac- 
teristics. The  association  of  radiolarian  cherts 
with  eugeosynclinal  deposits  is  commonplace 
knowledge  and  was  recognized  many  years  ago  by 
Steinmann  (1905),  Dewey  and  Flett  (1911),  and 
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Benson  (1913).  This  survey  simply  confirms  this 
association  with  very  few  and  doubtful  excep- 
tions. Following  is  a  brief  review  of  some  of  the 
better-known  localities  around  the  world. 


In  Britain  a  graywacke  sequence  ("mud- 
stones")  with  pillow  lava,  tuff,  black  graptolite 
shale,  and  radiolarian  chert  forms  a  belt  40  miles 


Table  I.  Geographic  and  Lithofacies  Distribution  of  Radiolarian  Cherts  and  Graptolite  Shales 


Location 


Rock  Types 


Fades 


Age 


Author  {Year) 


Texas,  U.S.A. 
California,  U.S.A. 

New  South  Wales, 

Australia 
New  Zealand 

Timor,  Borneo 

Caucasus  Range, 

U.S.S.R. 
New  South  Wales, 

Australia 
New  South  Wales, 

Australia 
California,  U.S.A. 
Cornwall  and  Devon, 

England 
Morocco,  Africa 
Syria 
Nevada,  U.S.A. 

MuUion  Island,  England 

Iran 

Philippine  Islands 
New  Zealand 
New  South  Wales, 

Australia 
Celebes 
Alps 

New  Zealand 
Japan 

Alps 

Iliamna,  Alaska,  U.S.A. 

Kenai  Peninsula,  Alaska 
Borneo 

Hokkaido,  Japan 
Scotland 

Alaska,  U.S.A. 
Ural  Mountains, 

U.S.S.R. 
New  York,  U.S.A. 

Newfoundland,  Canada 

Malay  Peninsula,  East 

Indies 
Oregon,  U.S.A. 
Northern  Alps 

California  and  Oregon, 

U.S.A. 
Corsica,  Italy 

Texas,  U.S.A. 

Turkey 

Alps 

California,  U.S.A. 
Trinidad,  Caribbean 

Barbados,  Caribbean 
Barbados,  Caribbean 

Barbados,  Caribbean 
Barbados,  Caribbean 
California,  U.S.A. 

California,  U.S.A. 


Banded  radiolarian  chert,  novaculite 
Radiolarian  chert,  graywacke,  shale,  basic 

volcanic  rocks 
Serpentine,  spilite,  radiolarian  chert 

Metamorphosed   graywacke,   radiolarian 

limestone 
Mn-nodules,  radiolarian  slate,  red  clay, 

shale 
Radiolarian  chert 

Radiolarian  chert,  argiUite 

Siliceous  limestone,  chert,  tuff 

Radiolarian  red  chert 

Serpentine,  pillow  lava,  radiolarian  chert, 
shale,  grit 

"Phtanite,"  graptolite 

Radiolarite 

Radiolarian  chert,  graywacke,  volcanic 
rocks 

Radiolarian  chert,  limestone,  pillow  ba- 
salt, shale 

Serpentine,  siliceous  shale,  radiolarite, 
basic  igneous  rock 

Radiolarian  chert,  slate,  ultrabasic  rock 

Radiolarian  chert,  spihte 

Black  chert,  siliceous  claystone,  tuff 

Radiolariai'  chert,  "schist-like"  rock 
Radiolarian  ■  hert,  red  shale,  serpentine 
Radiolarian  reck,  graptolite  facies 
Radiolarian  chert,  sandstone,  slate,  lime- 
stone 
Radiolarite,  green  and  red  limestone 
Bedded  chert,  radiolarite,  impure  lime- 
stone, black  shale 
Thin-bedded  chert,  lava 
Radiolarian  chert,  shale,  Mn-nodules 
Radiolarian  chert,  tuff,  sclialstein 
Radiolarian  chert,  graptolite  shale,  tuff, 

pillow  lava 
Bedded  variegated  chert,  slate 
Radiolarian    chert,    Mn-ore,    serpentine, 

graywacke,  tuff 
Radiolarian  chert,  graptoHte  shale 

Radiolarian  chert,  pillow  lava,  graptolite 

and  red  shale 
Red  micaceous  chert,  radiolarian  shale 

Radiolarian  chert,  "hornblende  schist" 
Spilite,     radiolarian     chert,     serpentine, 

gabbro 
Radiolarian  chert,  Mn-ore 

Radiolarian   chert,   pillow   lava,   sclnsles 

lustres 
Radiolarian  chert 
Serpentine,  radiolarian  chert 
Radiolarian     chert,     spilite,     limestone, 

siliceous  shale 
Radiolarian  chert,  graywacke,  tuff,  shale 
Radiolarian  earth 


Radiolarian  earth 

Siliceous  shale 
Siliceous  shale 
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Heilinghofen,  Germany  Siliceous  claystone 


Eugeosyncline 
Eugeosyncline 

Devonian 
Jurassic 

Aberdeen  (1940) 
Bailey  «( a/.  (1964) 

Eugeosyncline 

Devonian 

Benson  (1913) 

Eugeosyncline 

Triassic 

Benson  (1938) 

Eugeosyncline 

Triassic-Jurassic 

Brouwer  (1925) 

Eugeosyncline 

Carboniferous 

Chabakov  (1932) 

Eugeosyncline 

Devonian 

Crook  (1961) 

Eugeosyncline 

Devonian 

David  and  Pittman  (1899) 

Eugeosyncline 
Eugeosyncline 

Jurassic 
Devonian 

Davis  (1918) 

Dewey  and  Flett  (1911) 

Eugeosyncline(?) 
Eugeosyncline(?) 
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Silurian 
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Dolle  (1938) 
Dubertret  (1933) 
Fagan  (1962) 

Eugeosyncline 

Silurian 
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Eugeosyncline 

Jurassic 
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Hay  (1960) 
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Eugeosyncline 
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Jurassic 
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Kobayashi  (1942) 
Kobayashi  and  Kimura 

(1944) 
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Eugeosyncline 
Eugeosyncline 
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Jurassic 
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Eugeosyncline 
Eugeosyncline 
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Jurassic 
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Martin  et  at.  (1915) 
Molengraaff  (1909,  1915) 
Otatsume  (1940) 
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Paleozoic-Mesozoic 
Devonian 

J.  C.  Reed  (1961) 
Rose  (1842) 

Eugeosyncline 
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Ruedemann  and  Wilson 

(1936) 
Sampson  (1923) 

Eugeosyncline 

Triassic 

Scrivenor  (1912) 

Eugeosyncline 
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Smith  (1916) 

Eugeosyncline 

Jurassic 

Steinmann  (1905) 

Eugeosyncline 

Jurassic 

Taliaferro  (1943) 

Eugeosyncline 

Eugeosyncline 
Eugeosyncline 
Eugeosyncline 

Jurassic 

Silurian-Devonian 

Jurassic 

Jurassic 

Termier  and  Maury 

(1928) 
Thomson  el  al.  (1964) 
Tromp  (1948) 
Triimpy  (1960) 

Eugeosyncline 
Pelagic 

Pelagic 
Miogeosyncline 

Jurassic 

"Late  Tertiary" 

Eocene-Oligocene 
"Late  Tertiary" 

Cretaceous 

Eocene 

Cretaceous 

Walker  (1950) 

Harrison  and  Jukes-Brown 

(1899) 
Beckmann  (1953) 
Jukes-Brown  and 

Harrison  (1892) 
Rust  (1892) 
Senn  (1940) 
Campbell  and  Clark 

(1944a) 
Campbell  and  Clark 

(1944b) 
Martin  (1904) 
Rust  (1892) 
Thalmann  (1946) 
WeUel  (1935) 

Miogeosyncline 

Eocene 

Miogeosyncline 
Miogeosyncline 
Miogeosyncline 
Miogeosyncline 

Miocene 
Silurian 
Eocene 
Eocene 
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Fig.  3. — Distribution  of  better-known  radiolarian-chert  and  graptolite-shale  localities  around  the  world. 
Solid  circles  and  triangles  refer  to  association  of  these  rocks.  These  are  considered  to  be  deep-sea  deposits 
within  context  of  this  paper. 


wide  across  the  Southern  Highlands  of  Scotland 
(Peach  and  Home,  1899).  Similarly,  in  southern 
England  (Devonshire  and  Cornwall),  radiolarian 
chert  is  closely  associated  with  pillow  lava.  The 
chert  is  interbedded  with  grit  and  shale  in  a  gray- 
wacke  suite  (Dewey  and  Flett,  1911). 

There  is  an  extensive  literature  on  European 
flysch  and  concomitant  radiolarites;  however, 
only  a  few  of  the  many  localities  are  shown  on 
Figure  3.  In  northeastern  Corsica,  radiolarian- 
bearing  black  jasper  is  part  of  the  metamorphic 
series  of  the  schistes  lustres,  together  with  mas- 
sive ophiolite  and  pillow  lava  (Termier  and 
Maury,  1928).  The  same  facies  occurs  in  the 
western  Alps  with  a  sparsely  fossiliferous 
2,000-5,000-meter-thick  monotonous  section  of 
metasediment,  greenstone,  ultrabasic  intrusive 
rocks,  and  radiolarite  (Arkell,  1956). 

Through  Asia  Minor,  in  the  Balkan  Peninsula, 
and  in  the  Dinaric  Alps,  Apennines,  and  Pyre- 
nees, a  zone  of  radiolarian  chert  associated  with 
ultrabasic  rocks,  especially  serpentinite  (Gregory, 
1929),  is  present.  The  radiolarian  chert  of  south- 
ern Turkey  is  invariably  associated  with  ultraba- 
sic intrusives.  In  the  central  Anatolian  Plateau, 


radiolarite  occurs  in  a  flysch-graywacke  sequence 
together  with  limestone,  manganiferous  beds,  and 
basic  effusive  rocks  (Tromp,  1948).  In  the  south- 
ern Urals,  Lower  Devonian  radiolarian  chert, 
graywacke,  greenstone,  serpentine,  and  tuff  were 
described  long  ago  by  Rose  (1842). 

In  eastern  North  America,  the  radiolarian 
chert,  pure  graptolite  shale,  siliceous  shale,  and 
volcanic  rocks  of  Newfoundland  are  certainly  eu- 
geosynclinal.  Two  thousand  feet  of  this  section 
consists  of  siliceous  shale,  parts  of  which  contain 
thin  interbeds  of  radiolarian  chert  (Sampson, 
1923).  In  New  York,  Ruedemann  and  Wilson 
(1936)  noted  the  close  association  of  pure  grap- 
tolite shale  with  radiolarian  chert  in  the  Deepkill 
and  Normanskill  beds.  This  highly  deformed  and 
thick  section  consists  of  shale,  grit,  sandstone,  ra- 
diolarian chert,  graptolite  shale,  arkose,  conglom- 
erate, and  some  pillow  lava.  These  beds  are  cor- 
relative with  the  eugeosynclinal  section  in  New.- 
foundland. 

The  Mesozoic  Franciscan  sediments  of  Califor- 
nia are  primarily  graywacke,  and  are  at  least 
20,000  feet  thick.  Throughout  the  section,  ra- 
diolarian chert  makes  up  as  much  as  20  per  cent 
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of  the  total.  Of  minor  imjiortance  arc  conglomer- 
ate lenses  and  limestone  (Davis,  1918).  The  Cal- 
era  Limestone  contains  poorly  preserved  globiger- 
inids  (especially  GlohotruncaJta)  (Walker,  1050). 
E.xcept  for  radiolarians,  forams,  and  some  plant 
remains,  the  I'ranciscan  is  virtually  barren  of  fos- 
sils. Associated  igneous  rocks  include  extensive 
serpentinite,  and  spilite,  like  those  described  from 
Britain  (Reed,  1Q,?,V), 

Radiolarian  chert  in  hornblende  schist  occurs 
in  Oregon  in  a  euueosynclinal  suite.  The  ra- 
diolarians are  said  to  be  like  those  in  chert  in  the 
Philippines  (Smith,  1Q16),  Similar  rocks  occur  in 
the  Kenai  Peninsula,  Alaska.  In  this  area,  an 
apparently  thick  sequence  of  highly  contorted, 
thin,  rhythmically  bedded  radiolarian  chert  and 
shale  is  associated  with  lava  (Martin  and  Katz, 
1912;  Martin  el  al..  1015). 

Radiolarian  chert  occurs  throughout  the  Indo- 
Pacific  region,  including  the  Malay  Peninsula 
(Scrivenor,  10121,  the  Celebes  (Hinde,  1918), 
and  Timor,  Rotti,  Ceram,  Buru,  and  Letti  (Brou- 
wer,  1025).  In  the  Philippines  the  chert  is  associ- 
ated with  ultral)asic  igneous  rocks  (Hashimoto, 
1939).  The  impressi\-e  Danau  Formation  of  Bor- 
neo is  the  world's  most  extensive  outcrop  of  radi- 
olarite,  Radiolarian  chert,  siliceous  shale,  and 
transitional  rocks  comprise  an  extensive,  de- 
formed unit  through  an  area  of  15,000  square 
miles  in  central  Borneo  ( Molengraaff,  1009).  In 
addition  to  chert  and  shale,  siliceous  tuff,  sand- 
stone, and  limestone  are  known  to  occur  in  Bor- 
neo (Scri\-enor,  1912).  The  basement  of  the  island 
is  a  crystalline  schist  interpreted  to  be  rocks  of 
the  chert-spilite  suite  metamorphosed  by  intrusion 
(Fitch.  1956).  Generally  the  eugeosynclinal  suite 
here  appears  to  have  a  relatively  low  clastic  con- 
tent, exhibiting  characteristics  more  typical  of  the 
pelagic  facies.  The  lithified  equivalents  of  pelagic 
ooze  seem  to  predominate  over  graywacke,  no 
doubt  because  of  the  alisence  of  a  nearby  conti- 
nental source. 

Kobayashi  and  Kimura  (1044)  stress  the  im- 
portance of  radiolarian  chert,  slate,  sandstone, 
and  limestone  in  the  flysch  belts  of  Japan.  For 
instance,  radiolarian  chert  is  iirevaleiit  in  the 
Paleozoic  Chichibu  (iroup  of  western  Honshij, 
where  it  is  associated  with  a  S[)arsely  fossiliferous, 
(hick  seition  of  >an(Nt()iie,  >hale.  and  minoi' 
amounts  of  limestone.  In  northern  Jajjan.  the 
backbone   range  of  Hokkaido   is   underlain   bv   a 


schalslciii  formation  with  radiolarian  chert,  basic 
tuff,  and  some  limestone  lenses  (Otatsume, 
1940).  Its  thickness  is  apparently  great:  the  base 
is  not  exposed. 

South  Island,  New  Zealand,  has  eugeosynclinal 
rocks  in  both  the  northern  and  southern  parts. 
Metamorphosed  graywacke  and  argillite  contain 
siliceous  limestone  with  abundant  radiolarians 
(Benson,  1938).  Kobayashi  (1942)  has  noted  the 
association  of  these  rocks  with  graptolite  shale, 
and  believes  that  they  were  deposited  in  what  he 
calls  the  "Walhalla  geosyncline."  stretching  from 
South  Island  to  .'\ustralia.  The  writers  are  not 
aware  of  the  presence  of  true  radiolarian  chert  in 
New  Zealand,  though  radiolarian  limestone  with 
graptolite  shale  found  there  is  considered  to  be 
pertinent  to  this  discussion.  On  Figure  3,  the  New 
Zealand  radiolarian  localities  are  noted  with  the 
miscellaneous  symbol. 

In  the  older  Paleozoic  formations  of  southeast- 
ern Australia,  radiolarian  chert  and  associated 
pure  graptolite  shale  occur  with  spilite.  Radiolar- 
ite  occurs  in  the  Lower  Cambrian  near  .Adelaide. 
in  Middle  Devonian  at  Tamworth,  in  Lower  De- 
vonian at  Bingera  and  Barraba,  in  Upper  Ordovi- 
cian  at  Cooma  and  Mandurama,  and  in  Lower 
Ordovician  with  graptolite  beds  in  \'ictoria  (  Ko- 
bayashi and  Kimura,  1944).  In  this  region,  ra- 
diolarian chert,  siliceous  shale,  and  tuff  are  sever- 
al thousand  feet  thick  (Hinde,  1899;  David  and 
Pittman,  1899). 

Radiolarian-bearing  shale  without  associated 
radiolarian  chert  locally  occurs  in  the  mio- 
geosynclinal  facies.  in  some  places  in  rather  thick 
sections.  These,  however,  are  readily  distin- 
guished from  radiolarian  chert  and  the  associated 
radiolarian  shale  of  the  eugeosynclinal  facies.  The 
radiolarian  shale  of  mioKCosynclines  usually  is  a 
very  impure  radiolarian  deposit  with  a  high  clas- 
tic content,  and,  as  already  noted,  the  radiolarians 
themselves  comprise  a  fauna  distinctive  from 
that  of  the  eugeosynclinal  radiolarian  rocks.  Some 
of  these  radiolarian-shale  localities  are  shown  in 
Figure  3  by  a  solid  square;  many  others  could 
have  been  shown.  The  radiolarian  shales  are  asso- 
ciated with  dejiosits  \vhi(  h  clearly  are  not  eugeo- 
^yn^linal.  They  are  not  metamor[jhosed  or  highly 
deformed  and  are  not  accomjianied  by  ullrabasic 
roiks  L'nlike  radiolarian  ihert,  miogeosvnclinal 
radiolarian  shale  is  not,  in  the  writers'  o])ini(in,  a 
deep-sea  deposit. 
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Conclusions 

This  analysis  supports  the  concept  of  vertical 
permanency.  Continents  have  remained  as  high 
blocks  and  the  ocean  basins  have  remained  as  low 
depositional  realms  throughout  earth  history.  The 
continents  have  been  repeatedly  transgressed  by 
shallow-shelf  seas  several  meters  or  hundreds  of 
meters  deep,  but  not  by  seas  thousands  of  meters 
deep,  i.e.,  of  oceanic  depth.  Minor  oscillations  of 
level  have  been  common,  but  not  interchanges  of 
level  of  the  first  order  of  magnitude. 

The  writers  do  not  disagree  with  those  who  find 
eupelagic  deposits,  like  those  of  modern  seas,  to 
be  absent  or  of  minor  importance  on  the  conti- 
nental blocks.  However,  hemipelagic,  continental- 
rise,  and  deep-sea  deposits  do  bulk  large  within  the 
continental  block.  Confined  almost  exclusively  to 
the  eugeosynclinal  prisms,  these  deep-sea  deposits 
may  be  considered,  according  to  the  geosyncline-, 
mountain-,  and  continent-building  concept  ac- 
cepted here,  to  be  in  rather  than  on  the  continen- 
tal block. 

This  view  is  actualistic.  In  the  modern  world 
there  are  few  examples  where  deep  ensialic  sedi- 
mentation seems  to  be  occurring.  Even  if  one  ac- 
cepts ensialic  sedimentation  as  a  fact,  although 
doubtfully  so,  in  certain  regions  (e.g.,  in  the  deep 
continental  borderland  basins  off  southern  Cali- 
fornia), examples  are  sufficiently  few  in  number 
that    they    may   be    regarded    as    exceptions. 

The  writers  suggest  that,  although  there  may 
be  many  non-permanent  aspects  of  continents  and 
ocean  basins,  the  Doctrine  of  Vertical  Permanency 
is  sustained.  This  seems  to  be  a  principle  of  broad 
geologic  significance. 
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Marine  Geotechnique 

Description  of  the  physical,  chemi- 
cal, and  mechanical  properties  of  the 
gas-fluid-solid  system  of  the  sea  floor, 
together  with  an  understanding  of  the 
response  of  the  system  to  applied  static 
and  dynamic  forces,  falls  within  the 
broad  province  of  marine  geotechnolo- 
gists.  This  relatively  young  field  of  re- 
search was  the  subject  of  the  first  In- 
ternational Research  Conference  on  Ma- 
rine Geotechnique,  held  1-4  May  1966, 
at  the  University  of  Illinois'  Allerton 
House  conference  center  near  Monti- 
cello.  Twenty-eight  scientists  and  engi- 
neers attended;  seven  were  from  for- 
eign countries. 

Areal  studies  of  the  mass  physical 
and  chemical  properties  of  estuarine 
and  marine  sediments  were  emphasized. 
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C.  R.  Kolb  (Waterways  Experiment 
Station,  Vicksburg)  and  B.  McClelland 
(McClelland  Engineers,  Houston)  dis- 
cussed the  geotechnical  properties  of 
interdistributary,  prodelta,  and  offshore 
clays  of  the  Mississippi  delta  region. 
Kolb's  x-ray  radiography  of  clay  speci- 
mens has  revealed  flowage,  fractures, 
and  other  inhomogeneities  in  otherwise 
massive-appearing  clays.  McClelland  at 
the  same  time  showed  that  some  of  the 
clays  exhibited  excess  pore-water  pres- 
sures that  probably  have  not  dissipated 
in  the  500  years  that  have  elapsed  since 
clay  deposition.  He  also  pointed  out 
that  values  of  the  compression  index 
{C,.)  often  increase  with  increasing 
values  of  the  liquid  limit  and  that  void 
ratio  generally  correlates  well  with 
liquid  limit. 

Shear  strength,  bearing  capacity,  gas 
content,  and  general  mass  properties  of 
Chesapeake  Bay  sediments  were  dis- 
cussed by  A.  G.  Altschaeffl  (Purdue 
University),  A.  M.  Richardson  (Uni- 
versity of  Pittsburgh),  and  Wyman 
Harrison.  The  c/p  ratio  for  silts  with 
a  high  content  of  clay  shows  values 
that  are  quite  different  from  those  ob- 
tained from  the  usual  correlation  be- 
tween c/p  and  plasticity  index.  At  the 
same  time,  an  average  gas  content  of 
these  sediments  approximates  10  per- 
cent. Plate-load  tests  (similar  to  ASTM 
Test  D  1196-57)  on  Chesapeake  Bay 
sands  revealed  a  decrease  in  the  settle- 
ment of  a  plate  under  a  given  load 
as  the  diameter  of  the  plate  increased. 
Higher  ultimate  carrying  capacities  were 
obtained  than  would  have  been  pre- 
dicted by  Terzaghi's  equation  for  bear- 
ing capacity. 

W.  R.  Bryant  (Texas  A  &  M  Uni- 
versity) performed  consolidation  testing 
of  Gulf  of  Mexico  cores  in  which  the 
Anteus  back  pressure  apparatus  was 
used.  Samples  from  the  abyssal  plains 
yield  e-log  p  curves  that  show  the 
foraminiferal  oozes  to  be  "undercon- 
solidated."  This  fact  contrasts  with  data 
from  deep-sea  clays  and  oozes  present- 
ed by  Richards  and  E.  L.  Hamilton 
for  Atlantic,  Pacific,  and  Mediterranean 
core  samples.  R.  F.  Scott  (Caltech)  and 
N.  Morgenstern  (Imperial  College, 
London)  questioned  the  meaning  of 
values  for  the  "preconsolidation"  pres- 
sure P,.  obtained  from  the  upper  few 
meters  of  recent  marine  sediments. 

E.  L.  Hamilton  and  R.  F.  Dill 
(Naval  Electronics  Laboratory,  San 
Diego)  reviewed  NEL's  comprehensive 
program  in  marine  geotechnique. 
Hamilton's  group  will  continue  studies 
of  sound  velocity  in  marine  sediments. 


especially  the  determination  of  the  shear 
wave  in  situ.  Dill  described  the  results 
of  explosive  loading  of  shallow  sands 
off  California  and  Jamaica  and  the  use 
by  SCUBA  divers  of  a  torque  "screw- 
driver" to  make  shear  vane  tests  of 
marine  sands.  Explosion  of  charges  of 
black  powder  leads  to  densification  of 
the  sands.  While  the  in  situ  vane  shear 
test  may  give  relative  estimates  of  sand 
density  from  place  to  place,  conference 
members  engaged  in  soil  mechanics 
research  felt  that  information  on  the 
distribution  of  normal  stress  in  the  mass 
being  sheared  would  be  needed  before 
such  values  could  be  used  in  slope 
stability  analyses. 

Turning  to  areal  studies  in  European 
waters,  A.  Jerbo  (State  Railways  Board, 
Stockholm)  summarized  the  geotechni- 
cal properties  of  nearly  3000  samples 
from  the  Gulf  of  Bothnia  and  the  Bal- 
tic. He  noted  the  relatively  high  con- 
tent of  natural  gas  in  the  fine-grained 
sediments  and  stressed  the  fact  that  the 
shearing  resistance  of  clayey  sediments 
stored  in  cores  is  markedly  affected  by 
the  addition  of  gas  produced  by  mi- 
crobes. Richards  reviewed  his  work  with 
the  Norwegian  Geotechnical  Institute 
(NGI)  on  the  geotechnical  properties 
of  sediments  from  the  Oslofjord.  The 
NGI  gas-operated  sampler  was  used  for 
incremental  sampling  of  the  bottom 
and  subbottom;  high-resolution,  echo 
sounding  techniques  were  employed  to 
determine  the  sediment  levels  actually 
sampled.  This  method  of  investigation, 
directed  toward  other  areas  of  the  sea 
floor,  is  being  continued  at  Illinois. 

F.  C.  Kogler  (University  at  Kiel, 
Germany)  is  concerned  mainly  with 
the  effects  of  diagenesis  on  sediment 
strength  and  consolidation.  Cohesion  of 
Baltic  and  Persian  Gulf  sediments — as 
measured  with  the  Swedish  fall-cone 
penetrometer — were  described.  Gerhard 
Einsele  (University  at  Tubingen,  Ger- 
many) discussed  his  shear  strength 
measurements  on  cores  from  the  Nile 
Delta,  where  anomalous  profiles  of  co- 
hesion versus  sample  depth  can  be  used 
to  determine  approximate  amounts  of 
erosion  of  overlying  sediments.  G.  Al- 
magor  (Geological  Survey  of  Israel, 
Jerusalem)  reported  on  the  cohesion 
and  consolidation  of  shelf  sediments 
off  Israel. 

Laboratory  work  on  the  consolida- 
tion mechanics  of  artificially  sediment- 
ed  clays  was  reported  by  Altschaeffl, 
Einsele,  and  Scott.  Altschaeffl's  labora- 
tory clays  indicate  they  could  be  sedi- 
mented  so  as  to  duplicate  the  c/p 
values  found  in  natural  clays  of  similar 
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composition.  One  of  Scott's  students 
has  developed  a  nonlinear  theory  of 
compressibility,  based  upon  analysis  of 
laboratory-sedimented  clays.  Richard- 
son's laboratory  work  on  the  behavior 
of  artificial  marine  sediments  is  directed 
toward  the  development  of  a  theory  for 
the  mechanics  of  sinking  of  solid  ob- 
jects through  the  upper  few  meters  of 
marine  clays.  Laboratory  data  of  E.  C. 
Robertson's  (U.S.  Geological  Survey, 
Silver  Spring,  Maryland)  show  that  at 
relatively  low  stress  levels  aragonitic 
muds  from  the  Bahamas  do  not  have 
a  component  of  compression  resulting 
from  the  crushing  of  aragonite  needles 
(as  postulated  by  Ruth  Terzaghi  in 
1940). 

Morgenstern  reviewed  his  work  on 
submarine  slump  mechanics,  pointing 
out  that  slumping  can  take  place  on 
low  slopes  (1  degree  to  28  degrees), 
that  Terzaghi's  theory  of  liquefaction 
may  underestimate  the  time  it  takes  for 
excess  pore  pressures  to  dissipate,  that 
slumping  can  be  expected  when  the  uni- 
formity coefficient  is  less  than  five,  and 
that  submarine  slumps  may  not  be 
initiated  by  low-to-moderate-magnitude 
earthquakes  because  the  dynamic  stress- 
es may  in  fact  be  small.  A.  Andresen 
(NGI,  Oslo)  presented  an  historical 
resume  of  Norwegian  submarine  flow- 
slides. 

The  response  of  sediments  of  St. 
Andrew  Bay,  Florida,  to  artificial  load- 
ing by  concrete  blocks  of  various  shapes 
was  described  by  G.  H.  Keller  (U.S. 
Naval  Oceanographic  Office).  Keller 
also  described  a  nuclear  sediment  densi- 
ty probe  that  uses  backscattering  tech- 
niques to  measure  in  situ  density  at 
water  depths  down  to  6500  meters. 

The  extensive  program  in  sea  floor 
engineering  at  the  Naval  Civil  Engi- 
neering Laboratory  (Port  Hueneme, 
California)  was  reviewed  by  R.  Smith. 
Few  data  were  presented,  however,  be- 
cause of  their  classified  nature.  Smith 
emphasized  that  the  strength  of  deep 
sea  sediments  is  dependent  upon  their 
age  as  well  as  their  composition.  He 
also  discussed  the  application  of  soil 
mechanics  to  problems  related  to  the 
recovery  of  the  hydrogen  bomb  off 
Spain.  McClelland  outlined  problems  of 
sea  floor  engineering  of  particular  in- 
terest to  his  commercial  firm.  Among 
these  problems  were  (i)  the  friction  ca- 
pacity of  piles,  (ii)  estimation  of  lateral 
load-bearing  capacity,  and  (iii)  prob- 
lems related  to  pipeline  construction 
and  stability  on  the  sea  floor.  J.  Hea- 
cock  (ONR,  Washington)  summarized 
his    interpretation    of    the    Navy's    re- 
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quirements  for  marine  geotechnical  in- 
formation. 

Laboratory  investigations  at  the  Uni- 
versity College  of  North  Wales  on  the 
relation  between  acoustic  and  mass 
properties  of  North  Atlantic  deep-sea 
cores  were  reviewed  by  D.  T.  Smith. 
Hamilton  reviewed  NEL's  program  in 
this  field  of  research  and  gave  a  graphi- 
cal presentation  of  the  speed  of  sound 
versus  porosity  of  core  samples.  He 
showed  that  Pacific  sediments  plot  in 
groups  that  reflect  their  environment 
of  deposition;  he  recommended  that 
pulse  techniques  be  used  to  measure 
the  speed  of  sound.  J.  J.  Gallagher 
(Naval  Underwater  Sound  Laboratory, 
New  London,  Connecticut)  explained 
that  his  program  followed  NEL's  guide- 
lines, but  cores  are  analyzed  at  the 
University  of  Rhode  Island  for  their 
physical-acoustical  properties.  C.  T. 
Fray  (Lamont  Geological  Observatory) 
is  studying  acoustic  reflecting  layers  in 
deep  ocean  sediments.  Recent  work 
suggests  that  the  "Layer-A'*~-^flector 
found  throughout  much  of  the  T^rth 
Atlantic  may  be  the  uppermost  sur- 
face of  sediment  of  Cretaceous  age. 

Several  papers  on  instrumentation  un- 
der development  reflected  both  the 
sampling  and  the  in  situ  testing  needs 
of  marine  geotechnologists.  Kogler  ex- 
plained the  operation  of  the  Kiel 
group's  box  corer.  The  corer  is  now 
being  outfitted  with  a  vibrohead  for 
taking  relatively  undisturbed  cores  in 
sands.  (Kogler,  who  is  conversant  with 
the  Russian  literature,  said  that  vibro- 
drilling  and  coring  is  an  advanced  art 
in  the  Soviet  Union.)  A.  Rosfelder 
(Scripps)  displayed  drawings  of  sev- 
eral corers  that  are  to  be  built  for  tak- 
ing large,  "undisturbed,"  and  oriented 
samples  from  the  sea  floor.  Andresen 
presented  drawings  of  an  in  situ  pore 
pressure  gage,  accurate  to  pressure  dif- 
ferences of  2  kg/cm-.  The  gage  was 
developed  to  measure  pore  pressures  in 
fjord  sediments  where  artesian  pressure 
may  be  significant.  This  gage  will  be 
tested  ultimately  in  the  deep  sea  by 
Richards.  Working  with  Richards  at 
Illinois  are  R.  Olson  (Civil  Engineer- 
ing) and  K.  Preiss  (Civil  and  Nuclear 
Engineering).  Olson  is  fabricating  an 
in  situ  shear-vane  tester  for  deep-sea 
clays  that  will  measure  to  3  meters  of 
sediment  depth.  Preiss  has  developed  a 
gamma  ray  transmission  device  for  the 
nondestructive  laboratory  determination 
of  bulk  density  of  sediment  within  its 
core  barrel;  an  in  situ  probe  has  been 
designed  for  deep-sea  investigations. 
The  conference  was  jointly  sponsored 


by  the  Departments  of  Geology  and 
Civil  Engineering  of  the  University  of 
Illinois  and  the  Institute  for  Ocean- 
ography, Environmental  Science  Serv- 
ices Administration.  Many  of  the  pa- 
pers presented  at  the  conference,  to- 
gether with  others  relating  to  marine 
soil  mechanics  and  foundation  engi- 
neering, will  be  published  early  in  1967 
by  the  University  of  Illinois  Press  as 
a  volume  entitled  Marine  Geotechnique. 
W.  Harrison 
Land  and  Sea  Interaction  Laboratory, 
Institute  for  Oceanography, 
Environmental  Science  Services 
Administration,  Norfolk,  Virginia  23510 
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EXTRA.  10 

PARTIAL  CORRELATION  MODEL  FOR  WATERS  OF  THE  SOJTHERN 

PORTION  CF  THE  MIDDLE  ATLANTIC  BIGHT,  U.S.A.-*" 

by 

2 
Wyman  Harrison 

DETAILED  SUMMARY 

The  model  holds  for  waters  of  the  Atlantic  continental  shelf  of 
the  United  States  between  Cape  Henlopen,  Delaware,  and  Cape  Hatteras, 
North  Carolina.  It  is  based  upon  correlations  between  environmental 
driving  forces  (winds  and  runoff)  and  surface  and  bottom  drift  inferred 
from  drifter  recoveries. 

Drift-current  vectors  were  inferred  from  straight-line  trajectories 
for  1,359  recoveries  of  ballasted  drift  bottles  and  1,U82  recoveries  of 
plastic  sea-bed  drifters.  The  drifter  devices  were  released  by  a  Navy- 
aircraft,  monthly  from  June,  1963  through  October,  196U.  Six  bottles 
and  five  sea-bed  drifters  were  dropped  on  each  of  the  110  stations  shown 
on  the  inset  of  Figure  1. 

Wind  Wind  velocity  and  direction,  taken  at  six-hour  intervals,  were  ob- 
tained from  three  li^tships  (Figure  1).  Daily  discharge  values,  obtained 
at  gaging  points  shown  on  Figure  1,  were  lagged  a  number  of  times  so  as 
to  include  with  certainty  the  delay  period  between  time  of  river  flow 
measurement  and  tinte  of  entry  of  fresh  water  into  the  shelf  water  system 
at  the  three  "runoff -en trance"  points  of  Figure  1. 

A  multiple  (linear)  regression  scheme  correlates  U  and  V  drift- 
current  components  ( regres sands j_  with  the  strongest  of  27  possible 
regressors  consisting  of  u  and  v  wind  components  and  dischargee  values 
for  the  major  streams  entering  the  area.  (_The  sense  of  the  U  or  u  com- 
ponents is  from  east  to  west  and  the  V  or  v  components  from  north  to  south.) 
The  conqputerized  correlation  procedure  expresses  the  regressand,  Y,  as  a 

linear  function  of  a  number  of  regressors,  X_  (n=l,  N) . 

Thus: 

Y  =  Aq  +  AiXi  +  A2X2  +  ..AjjXn  +  ...Ajj%,         (1) 

1.  LASIL  contribution  6;  VIMS  contribution  216. 

2.  Director,  Land  And  Sea  Interaction  Laboratory  (ESSA,  Institute  For 
Oceanography),  [439  W.  York  Street,  Norfolk,  Virginia,  23510,  and 
Associate  Scientist,  Virginia  Institute  of  Marine  Science,  Gloucester 
Point,  Virginia,  23062. 

Ex-lO 


Fig.  1.   Chart  showing  positions  of  lightships,  stream-gaging 
stations,  and  iMnoff  entrance  points. 

Ex-10 


•where  the  coefficients  A^  (n=0,  ...,  N)  are  determined  using  the  method 
of  least  squares. 

A 

The  closeness  of  the  relation  between  the  values  of  Y  computed  from 
equation  (l)  and  the  values  of  Y  observed  in  the  dependent  data  is  measured 
by  the  explained  variance  (EV),  vdiich  is  the  percentage  of  total  variance 
of  the  regressand  explained  by  the  regressors  in  a  multiple  regression 
equation.  EV  is  equal  to  the  square  of  the  multiple  correlation  coeffi- 
cient .  Thus ; 

2  (Yi  -  Y)^ 
EV     p           i=i  ,  , 

■t50-  =  «'  =1.    — (2) 

2  (Yi  -  Y) 
i=l 

where  Yj^  is  the  observed  value  of  the  regressand,  Y  is  the  value  predicted 
from  the  regression  equation  (1),  and  Y  is  the  mean  value  over  the  depen- 
dent sample. 

The  model  shown  on  the  accongsanying  plate  was  constructed  by  using 
only  those  correlations  between  regressand  and  first-chosen  regressor  that 
exhibited  an  R  of  0.25  or  greater.  This  is  a  partial  model  because  it 
holds  only  for  onshore-moving  surface  and  bottom  drift  and  because  it  is 
limited  to  two-variable  correlations.  An  assunqjtion  underlying  the 
sketches  of  the  plate  is  that  the  model  for  drift  moving  offshore  is  the 
exact  reverse  of  that  for  dirlft  moving  onshore.  This  is  probably  not  a 
good  assua^jtion  (sketches  B  and  H) ,  although  wind  set-up  often  causes 
surface  waters  to  drift  in  unexpected  directions . 

The  model  actually  consists  of  three  submodels;  one  each  for  horizontal 
vertical,  and  "mixed"  density  stratification  of  the  shelf  water.  Corre- 
lation models  for  horizontal  and  vertical  stratification  are  based  upon 
drifters  adrift  only  2-UO  days;  the  model  for  "mixed"  stratification  con- 
ditions utilizes  drifters  adrift  up  to  200  days,  which  have  experienced 
both  types  of  stratification. 

An  example  of  the  interpretation  of  sketch  A  is  as  follows.  Under 
conditions  of  vertical  density  stratification  of  shelf  waters,  the  east- 
to-west  (u)  component  of  the  wind  correlates  moderately  well  with  the 
north- to-south  (V)  component  of  the  surface  drift  in  the  region  of  the 
outer  shelf  (Areas  1-3,  Zones  U-6) ,  correlates  rather  poorly  with  the 
north-to-south  surface  drift  in  the  inshore  part  of  Area  2,  and  correlates 
rather  poorly  with  north- to-south  bottom  drift  in  the  inner  shelf  waters 
(Areas  1-3,  Zones  1-3). 

* 

PLATE  IV:  Partial  Correlation  Model  for  Surface  and  Bottom 
Waters  of  the  The  Southern  Middle  Atlantic  Bight 
Available  from  author. 


In  sketches  A  and  G,  the  surface  drift  iinder  conditions  of  vertical 
and  horizontal  stratification  is  in  general  to  the  left  of  the  direction 
of  the  persistent  vdnd.  Under  conditions  of  mixed  stratification,  how- 
ever, the  surface  drift  parallels  the  east- to-west  wind.  A  closer 
examination  shows  that  the  parallelism  of  wind  and  drift  current  in  the 
northern  one-third  of  the  region  (K)  derives  from  the  same  parallelism 
that  is  seen  in  the  high  correlations  of  sketch  G.  The  poorly-correlated 
parallelism  between  wind  and  surface  drift  in  the  outer  zones  of  the 
middle  and  southern  areas  of  sketch  K   results  from  the  additional  drifter 
trajectories  available  (three  to  four  times  as  many)  for  analysis  when  all 
drifters  en  route  between  2  and  200  days  are  considered.  What  is  signifi- 
cant about  sketch  K  is  that  the  moderate  and  high  correlations  between 
u  of  the  wind  and  V  of  the  surface  drift  in  sketches  A  and  G  drop  out 
conqpletely  when  drifters  en  route  for  more  than  kO   days  are  considered  in 
conjunction  with  those  en  route  between  2  and  1^0  days.  This  is  because 
the  longer-term  drift  (>  hO  days),  occuring  in  summer,  rather  closely 
parallels  the_east- to-west  component  of  the  wind.  (Only  a  relatively 
strong  u  and  U  correlation  can  cancel  the  observed  u  and  V  correlations 
for  recoveries  made  within  I4O  days) . 

In  sketch  A,  the  moderate  correlation  between  u  and  V  violates  simple 
Ekman  wind  drift,  ;diich  requires  an  angle  of  deflection  of  the  surficial 
drift-current  to  the  right  of  the  wind  direction.  _The  observed  drift 
( the  inferred  drift  that  here  correlates  with  the  u  wind  component) , 
however,  is  roughly  equal  to  the  sum  of  1iie  pure  wind-drift  current  and 
what  might,  by  con^arision  to  Hela's  work  (1952),  be  termed  the  "perma- 
nent flow".  The  "permanent"  .surface  flow  is  generally  from  north- to- 
south  in  the  study  region  and  known  to  be  stronger  between  September  and 
April  (sketch  G)  than  in  the  summer  months  (sketch  A),  and  stronger 
in  Zones_U-6  than  in  Zones  1-3.  Thus,  the  high  correlations  observed 
between  u  and  V  reflect  the  influence  of  the  permanent  flow.  But  the 
"permanent"  flow  of  the  Middle  Atlantic  Bight  is  itself  in  great  measure 
a  product  of  wind. 

As  the  east-to-west  wind  increases  over  the  shelf  and  slope-water 
zones  of  the  northern  portion  of  the  Middle  Atlantic  Bight,  it  produces 
a  net  southerly  drift  ( "peirmanent  flow")  owing  to  the  effect  of  set-up 
on  the  generally  southwesterly- trending  coastline.  Thus,  relative  to 
the  study  region,  as  u  increases  V  increases.  This  correlation  is 
most  marked  in  Zones  U-6   (sketches  A  and  G)  of  all  three  Areas. 

All  essential  details  of  the  field  study,  data  analysis,  and  further 
interpretations  of  the  correlation  model  will  be  presented  in  a  joint 
publication  between  VIMS  and  ESSA,  to  be  printed  in  a  few  months. 
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Magnetic  Anomalies  in  the  Gulf  of  Mexico^ 
J.  R.  Heirtzler,  Lloyd  H.  Burckle,  and  George  Peter^ 

Lamont  Geological  Observatory,  Columhia  University 
Palisades,  New  York 

Abstract.  Total  geomagnetic  field  intensity  measurements  made  in  the  last  10  years 
permit  a  preliminary  magnetic  anomaly  map  to  be  made  of  tlie  Gulf  of  Mexico.  This  map 
is  presented  in  three  parts.  An  elongated  magnetic  low  centered  south  of  Galveston  domi- 
nates the  area  between  the  Texas-Louisiana  coast  and  the  Sigsbee  scarp.  Campeche  bank 
displays  N-S  to  NE-SW  trending  anomalies  that  extend  across  the  bank  and  north  of  the 
Campeche  escarpment.  Numerous  local  anomalies  occur  on  the  West  Florida  shelf  but  the 
northeast  corner  of  the  Gulf  has  relativelj^  strong  anomalies  striking  NE-SW.  Several  major 
magnetic  trends  on  adjacent  land  mas.ses  can  be  traced  into  the  Gulf.  The  trends  of  magnetic 
anomalies  in  the  northeastern  Gulf  parallel  the  strike  of  buried  Appalachian  structures  to 
the  north. 


Introduction.  A  magnetic  total  intensity 
map  of  the  Gulf  of  IMexico  published  by  Miller 
and  Eiving  [1956]  was  based  almost  exclusively 
on  data  obtained  by  the  R.V.  Fewm  in  1954 
(V-3).  That  paper  displayed  a  number  of  mag- 
netic and  bathymetric  profiles  across  important 
features.  However,  the  limited  amount  of  data 
permitted  only  a  total  intensity,  not  an  anomaly, 
map  to  be  drawn.  Since  1954  many  additional 
total  intensity  measurements  have  been  made 
in  the  Gulf,  especially  by  ships  of  Lamont  Geo- 
logical Observatory  and  by  aeromagnetic  flights 
arranged  by  Lamont. 

We  have  used  aeromagnetic  observations  re- 
ported by  Affleck  [194S],  USGS  [1963],  and 
Balsley  [1949],  aeromagnetic  flights  in  1955  and 
1957  as  a  joint  Lamont  Geological  Observatory- 
Woods  Hole  Oceanographic  Institution  project, 
measurements  made  by  R.V.  Vema  in  1954, 
1957,  1961,  and  1962  (V-3,  V-12,  V-17,  and 
V-18,  respectively)  and  Pt.V.  Conrad  in  1964 
(C-9),  an  aeromagnetic  profile  reported  by 
Agocs  [195S],  Project  Magnet  flights  in  1955, 
1956,  1959,  and  1960,  and  measurements  made 
from  the  USCGS  ship  Explorer  in  1960.  Flux- 
gate  magnetometers  were  used  on  V-3,  V-12, 
Explorer,  and  all  flights;  proton  precession  mag- 
netometers were  used  on  other  cruises.  The 
Project  Magnet  flights  were  at  a  high  altitude 


1  Lamont  Geological  Observatory  Contribution 
863. 

2  Now  with  U.  S.  Coast  and  Geodetic  Survey, 
Rockville,  Maryland. 


and  could  be  used  only  insofar  as  they  provided 
data  on  regional  field  intensity.  Other  flights 
were  150  to  500  meters  above  sea  level.  The 
anomaly  maps  of  Eby  and  Nicar  [1936]  for 
southern  Alabama  and  of  King  [1959]  for 
Florida  were  used  for  comparison  of  the  marine 
anomalies  with  anomalies  of  adjacent  coastal 
areas.  As  a  result  of  these  measurements  it  is 
possible  to  construct  a  magnetic  anomaly  map 
of  all  but  the  extreme  southeast  and  southwest 
parts  of  the  Gulf  of  Mexico.  There  were  no  ship 
tracks  through  Campeche  Gulf  and  ship  tracks 
to  the  immediate  north  and  east  of  Cuba  were 
largely  confined  to  deep  water  channels. 

The  residual  anomaly  maps  were  constructed 
by  removing  the  regional  value  shown  on  U.  S. 
Naval  Oceanographic  Chart  1703  for  1955  from 
the  observed  data  and  applying  a  correction 
for  the  secular  variation  in  total  intensity.  The 
resulting  anomaly  map  shows  more  positive  than 
negative  anomaly  area  in  its  northeastern  part 
and  more  negative  than  positive  areas  in  its 
southwestern  part.  This  distribution  of  positive 
and  negative  anomalies  suggests  an  inadequate 
removal  of  the  regional  field.  The  application  of 
various  other  regional  fields  failed  to  provide  a 
more  satisfactory  distribution  of  positive  and 
negative  anomalies  without  conflicting  with 
land  observations.  This  distribution  may  war- 
rant careful  examination  and  study  when  a  more 
accurate  knowledge  of  the  earth's  main  field  is 
acquired,  but  it  does  not  prohibit  the  delinea- 
tion of  crustal  magnetic  features. 
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Except  for  the  secular  variation  of  field 
strength,  no  natural  time  variations  were  re- 
moved from  the  data.  Since  all  parts  of  the  map 
were  constructed  from  readings  taken  at  greatly- 
different  times,  time  variations,  other  than  the 
secular  variation,  were  averaged  out  in  the  con- 
touring process. 

The  central  Gulf  has  almost  no  magnetic  re- 
lief, and  as  a  result  the  widely  spaced  contours 
in  this  area  could  be  in  positional  error  by  20 
to  40  km.  The  central  area  of  the  West  Florida 
shelf  has  numerous  small  sharp  anomalies,  and 
a  proper  map  of  that  area  would  require  a 
much  more  detailed  survey  than  has  been 
made.  Because  of  the  relatively  poor  loran  cov- 
erage over  most  of  the  Gulf,  positional  errors 
increased  as  the  vessel  passed  beyond  visual  or 
radar  contact  of  land. 

The  anomaly  map  is  presented  in  three  parts 
as  shown  on  the  index  map  (Figure  1) . 


Northivest  Gulf  area.  Anomaly  contours 
within  about  400  km  of  the  coasts  of  Louisiana, 
Texas,  and  Mexico  are  shown  in  Figure  2.  The 
southern  part  of  that  area,  off  the  coast  of 
Mexico,  is  covered  by  relatively  few  tracks. 
]\Ieasurements  along  those  tracks  show  a  con- 
sistently smooth  field,  but  it  is  possible  that 
anomalous  areas  could  exist.  The  track  of 
Agocs'  flight  [Agocs,  195S]  southward  along  the 
coast  of  Mexico  shows  numerous  local  magnetic 
anomalies  that  probably  extend  to  either  side 
of  the  flight  line. 

The  Sigsbee  scarp  continues  off  this  figure 
into  Figure  5.  Miller  and  Ewing  [1956]  men- 
tioned that  this  scarp  has  no  magnetic  expres- 
.'=ion.  The  additional  measurements  confirm  that 
observation  for  the  entire  scarp. 

The  Saltillo-Torreon  fracture  zone  is  one  of 
the  major  geologic  features  on  the  Mexican 
mainland.    This    fracture    zone    has    a    nearly 


Index  map  showing  areas  covered  by  the  three  magnetic  total  intensity  maps.  Areas 
covered  by  other  published  magnetic  surveys  are  indicated  by  dotted  lines. 
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east-west  strike  at  about  25°N  and  an  offset  of 
200  to  300  km  [Murray,  1961].  No  evidence  of 
a  seaward  extension  of  this  feature  can  be 
claimed  from  the  marine  magnetic  data.  Al- 
though there  is  a  change  in  the  direction  of 


widely  spaced  contours,  as  drawn,  at  this  lati- 
tude, the  positional  uncertainty  in  these  con- 
tours precludes  any  conclusion  about  their  sig- 
nificance. 
The  extremely  featureless  magnetic  field  in  the 


Fig.  2.  Magnetic  total  intensity  anomalies  of  the  northwest  Gulf.  Solid  lines  segments  are 
ships'  tracks.  Broken  line  segments  are  aeromagnetic  tracks.  Solid  curved  lines  are  magnetic 
contours  (values  in  gammas)  and  broken  curved  lines  are  less  reliable  magnetic  contours. 
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central  Gulf,  which  is  evident  in  all  three  of  the 
anomaly  maps  presented,  can  only  be  the  re- 
sult of  a  thick  sedimentary  cover  that  is  mag- 
netically homogeneous.  Ewing  et  al.  [1962]  have 
indicated  that  sediments  in  the  deep  parts  of 
the  Gulf  of  Mexico  are  nearly  10  km  thick. 
Few  marine  areas  in  the  world  are  known  to 
have  such  a  smooth  magnetic  field. 

Large  elongated  anomahes  following  the  curv- 
ature of  the  Texas  coastline  are  the  dominant 
magnetic  features  of  Figure  2.  The  negative 
anomaly  trough  in  an  otherwise  positive  region, 
just  south  of  Galveston,  indicates  an  increased 
thickness  of  sediment.  Balsley's  [1949]  map 
covers  the  eastern  side  of  this  low,  and  Nettle- 
ton  [1949]  has  estimated  a  depth  to  magnetic 
basement  of  10.7  km  from  values  given  by 
Balsley's  map  just  south  of  the  Texas-Louisiana 
state  line.  Seismic  refraction  profiles  indicate  a 
distinct  deepening  of  all  sub-bottom  horizons 
just  south  of  Galveston  followed  by  a  shoaling 
of  those  horizons  in  a  ridge  125  km  seaward 
[Antoine  and  Ewing,  1963].  We  believe  the 
thickened  sediments  are  a  closed  basin  defined 
by  the  — 100  y  (1  y  =  10"^  oe)  contour. 

Anomalies  on  the  Louisiana  shelf  not  de- 
lineated by  a  100-y  contour  interval  are  shown 
in  Figures  3 A  and  SB.  The  amplitude  of  these 
anomalies  approaches  the  over-all  accuracy  of 
the  measurements,  or  about  50-y  in  peak-to- 
peak  amplitude.  They  appear  to  be  continuous 
magnetic  peaks  and  troughs  and  may  persist 
west  of  the  area  shown  in  Figure  3B,  but  the 
data  are  not  sufficient  in  the  western  area  to 
delineate  them  definitely.  They  appear  to  termi- 
nate abruptly  near  the  Missippi  delta.  However 
trends  of  greater  amplitude  apparently  persist 
across  southeastern  Louisiana,  as  suggested  by 
the  —100-y  contour  at  the  eastern  edge  of  Fig- 
ure 2. 

There  are  several  other  types  of  linear  geo- 
physical features  in  this  general  area.  Curray 
[1960]  has  reported  topographic  ridges  sub- 
parallel  to  the  Texas-Louisiana  coastline.  These 
topographic  ridges  are  not  nearly  as  linear  as 
the  magnetic  trends;  they  do  not  occur  in  the 
same  places  and  sometimes  strike  nearly  per- 
pendicular to  the  coastline.  Numerous  small 
and  shallow  faults  are  known  to  exist  on  the 
Texas-Louisiana  shelf  (see  for  example  Moore 
and  Curray  [1963]),  but  they  show  no  ap- 
parent relationship  to  the  magnetic  anomalies. 
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Fig.  3.  The  upper  figure  shows  the  area  off 
the  Louisiana-Texas  coast.  The  dotted  line  marks 
the  200-m  curve.  Straight  lines  identify  tracks 
along  which  profiles,  illustrated  in  the  lower  fig- 
ure, were  recorded.  Individual  highs  and  lows  on 
the  profiles  are  identified  by  the  letters  H  and  L, 
respectively.  The  trend  of  these  highs  and  lows  is 
shown  in  the  upper  figure. 
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Fig.  4.     Magnetic  total  intensity  anomalies  of  the  Campeche  bank  area. 


On  some  cruises  seismic  reflection  and  magnetic 
data  were  acquired  simultaneously.  The  reflec- 
tion data  indicate  few  sub-bottom  horizons 
under  the  magnetic  trends  and  those  horizons 
are  essentially  horizontal.  To  seaward  of  the 
magnetic  trends  seismic  reflection  profiles  show 
sub-bottom  dome-like  structures  which  are  now 
believed  to  be  ridges  [Ewing  and  Antoine,  1965]. 
These  structural  features  have  no  magnetic  ex- 
pression. In  an  attempt  to  define  the  configura- 
tion of  the  materials  producing  the  small-ampli- 
tude anomalies,  magnetic  anomalies  were  com- 
puted for  various  two-dimensional  models  by 
the  procedure  of  Tahvani  and  Heirtzler  [1964]. 
These  calculations  suggest  that  bodies  about  30 
km  wide  with  a  susceptibility  contrast  of  no 
more  than  2  X  10"*  cgs  and  magnetized  by  in- 
duction could  be  the  source.  The  depth  to  the 
upper  surface  of  these  bodies  could  not  be  ac- 
curately determined  because  of  the  difficulty  in 
fitting  the  computed  slopes  to  the  observed 
slopes  of  the  small-amplitude  anomalies,  but  it 
seems  likely  that  the  depth  of  burial  is  greater 
than  5  km. 

Campeche  bank  area.  Magnetic  anomalies  of 
Campeche  bank  are  shown  in  Figure  4.  The  deep 
water  areas  to  the  north  and  west  of  the  bank 


are  relatively  free  of  sharp  magnetic  variations. 
The  Sigsbee  knolls  are  a  unique  topographic 
feature,  located  in  the  vicinity  of  25°45'N  and 
92°30^.  These  knolls  and  adjacent  buried 
dome  structures  have  no  magnetic  expression. 
It  has  recently  been  shown  that  this  character- 
istic is  not  unique  to  the  Sigsbee  knoll  area  but 
that  many  buried  dome-like  features  have  little 
or  no  magnetic  effect  [Windisch  et  al.,  1965]. 

The  most  distinct  magnetic  features  of  the 
Campeche  bank  north  of  Yucatan  are  the 
elongated  closed  contours  which  trend  north- 
south  to  northeast-southwest.  Several  of  these 
features  extend  slightly  north  of  the  Campeche 
scarp  in  water  depths  of  2  km.  Miller  and  Eiving 
[1956]  believed  that  these  anomalies  were  of 
limited  extent  and  were  caused  by  volcanic  fea- 
tures. The  additional  data  now  available  show 
that  the  anomalies  have  great  length  and  are 
not  caused  by  localized  volcanic  features  but 
are  probably  caused  by  large-scale  geologic 
bodies. 

From  an  early  aeromagnetic  flight  over  these 
strong  anomalies  Affleck  [1948]  made  several 
depth  estimates.  Probably  the  best  of  these  esti- 
mates was  the  one  at  approximately  24°N  and 
88°30'W,  where  a  depth  of  10.7  km  was  indi- 
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cated.  It  is  now  evident  that  other  depth  esti- 
mates were  made  on  the  outer  edges  of  anoma- 
lies and  may  be  inaccurate. 

Seismic  refraction  measurements  [A^itoine 
and  Ewing,  1963]  have  been  largely  confined  to 
the  western  part  of  Figure  4  where  the  magnetic 
anomalies  are  less  well  defined.  There  is  no  evi- 
dence of  major  disturbed  horizons  in  the  upper 
5  km.  Antoine  and  Ewing  suggest  that  the  5.8- 
km/sec  horizon  at  about  5  km  depth  may  be 
Paleozoic  or  Precambrian.  Henderson  [1963] 
has  made  a  study  of  the  gravity  anomahes  in 
the  same  area.  To  match  observations  with 
models  he  found  it  convenient  to  include  a 
buried  ridge  7  km  deep  at  about  23  °N  and 
90°3(yW.  With  a  minor  redrafting  of  the  mag- 
netic contours,  an  elongated  magnetic  high 
would  occur  at  the  position  of  the  inferred 
ridge.  The  magnetic  anomaly  trend  is  nearly 
perpendicular  to  the  gravity  profiles  and  sup- 
ports the  contention  that  structural  trends  are 
linear.  However,  Dehlinger  and  Jones  [1965], 
using  the  same  data,  show  a  model  for  the 
gravity  anomaly  that  does  not  include  a  buried 
ridge.  The  Rio  Hondo  fault  zone  in  eastern 
Yucatan  and  gravity  measurements  in  northern 
Yucatan  [Murray,  1961]  indicate  trends  paral- 
leling the  magnetic  trends  north  of  Yucatan. 


Although  no  contours  are  shown  to  the  east 
of  Yucatan,  it  is  believed  that  anomaly  trends 
will  not  be  particularly  evident  there.  Various 
unpublished  profiles  in  this  locality  indicate 
sharp  magnetic  features  characteristic  of  vol- 
canic structures. 

Northeast  Gulf  area.  Measurements  in  this 
area  permit  generalized  anomaly  contours  to  be 
drawn  for  the  northern  part  of  the  West  Florida 
shelf  and  for  the  Alabama  coast  and  adjacent 
areas  (Figure  5).  The  most  prominent  feature 
is  an  elongated  positive  anomaly  striking  nearly 
northeast-southwest  across  the  edge  of  the  West 
Florida  scarp.  This  magnetic  feature  and  other 
less  pronounced  trends  derive  their  significance 
from  their  relation  to  the  magnetic  trends  of 
Florida  [King,  1959],  the  east  coast  of  North 
America  [Drake  et  al.,  1963],  and  southern 
Alabama  [Ehy  and  Nicar,  1936].  The  predomi- 
nant magnetic  high  on  the  West  Florida  shelf 
continues  across  Florida,  passes  near  Jackson- 
ville, and  continues  up  the  Atlantic  continental 
shelf.  Northwest  of  this  feature  there  are  mag- 
netic trends  in  northern  Florida,  in  southern 
Alabama,  and  in  the  Gulf. 

In  southern  Florida  there  is  a  countertrend 
with  a  strike  of  southeast-northwest.  This 
countertrend  continues  off  the  western  coast  of 


30°- 


Fig.  5.  Magnetic  total  intensity  anomalies  of  the  northeast  Gulf  area.  A  theoretical  model 
along  the  dotted  line  is  shown  in  Figure  6.  The  Antoine  and  Harding  [1965]  refraction  pro- 
file was  made  along  a  line  from  A  to  B. 
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Florida  and  terminates  at  tlie  dominant  north- 
east-southwest trend. 

Refraction  studies  \_Antoine  and  Harding, 
1963,  1965]  in  the  northeast  Gulf  indicate  that 
contours  of  the  pre-Cretaceous  basement  fol- 
low the  same  northeast-southwest  trends.  The 
deep  refraction  horizons  of  Antoine  and  Hard- 
ing show  a  flexure  very  close  to  the  maximum 
of  the  dominant  northeast-southwest  magnetic 
anomaly.  Neither  the  magnetic  traverses  nor 
the  refraction  profiles  were  made  perpendicular 
to  the  trend  of  the  magnetic  high.  However, 
the  refraction  profile  between  A  and  B  (Figure 
5)  and  the  aeromagnetic  profile  which  runs 
WSW  just  south  of  the  refraction  line  were  both 
projected  on  a  line  perpendicular  to  the  mag- 
netic trend.  This  line  of  projection  is  shown  in 
Figure  5. 

Figure  6  shows  the  projected  magnetic  pro- 
file and  lowest  refraction  horizon  with  a  model 
structure  which  satisfies  the  main  features  of 
the  observed  magnetic  anomaly  and  the  refrac- 
tion measurements. 

The  magnetic  body  is  assumed  to  be  two-di- 
mensional, magnetized  only  by  induction,  and 


Fig.  6.  Lowest  seismic  refraction  horizon  and 
observed  aeromagnetic  profile  projected  on  the 
dotted  line  shown  in  Figure  5.  The  magnetic 
anomaly  over  a  model  structure  is  also  shown. 
The  horizontal  displacement  between  the  peak 
of  the  model  and  the  flexure  in  the  seismic  hori- 
zon probably  reflects  the  navigational  uncertainty 
in  the  observed  magnetic  profile. 


have  a  susceptibility  contrast  of  0.003  cgs.  The 
chief  characteristics  of  the  magnetized  body  are 
(1)  a  ridge  at  or  near  the  flexure  in  the  Paleo- 
zoic basement  and  on  the  western  side  of  the 
600-y  contour  and  (2)  a  termination  of  this 
body  on  the  eastern  side  of  the  6OO-7  contour. 
The  configuration  of  the  model  suggests  a  sedi- 
ment trough  extending  100  to  150  km  to  the 
west  of  the  600-y  contour  and  exi;ending  for 
some  200  km  southwest  of  Apalachicola,  Florida. 
From  the  magnetic  evidence  it  is  difficult  to  say 
whether  this  trough  is  closed  at  its  northeast  or 
southwest  ends  to  form  a  complete  basin. 

South  of  about  27°N  the  West  Florida  shelf 
anomalies  appear  to  be  peaked,  isolated,  and 
to  have  a  high  amplitude  such  as  might  be 
caused  by  shallow  volcanic  rocks  or  basic  in- 
trusions. Although  seismic  reflection  records 
would  have  sufficient  resolution  to  locate  such 
bodies,  little  acoustic  penetration  has  been 
achieved  in  this  area.  The  half-widths  of  the 
magnetic  anomalies  seems  even  narrower  than 
those  reported  by  King  for  the  extreme  south- 
ern parts  of  Florida.  There  is  no  evidence  that 
these  offshore  anomalies  form  a  trend,  but  the 
sparse  track  spacing  could  not  be  expected  to 
define  weak  trends  in  the  presence  of  strong 
sharp  anomalies. 
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ABSTRACT 

The  Choptank  River  on  Maryland's  Eastern  Shore  is  a  tributary 
of  the  Chesapeake  Bayand  part  of  one  of  the  largest  estuarine  conn.plex- 
es  in  the  world.  Over  the  last  century  topographic  an.d  hydrographic 
mapping  show  major  changes  of  the  shorelines  and  sea  floor  which  are 
the  result  of  erosion,  reworking,  and  deposition.  The  shorelines,  by 
nature  of  the  conaposing  sediments,  are  quite  vulnerable  to  erosion. 
The  sea  floor  sediments  are  all  reworked  detrital  and  organic  material 
and  reflect  selective  sedimentological  processes.  The  shallower  sub- 
merged terrace  sediments  are  generally  sandy  and  the  deeper  channel 
sediments  are  more  silty.  Apparently,  little  new  material  is  being 
contributed  to  the  environment  from  the  upper  reaches  of  the  river. 
The  major  source  of  detrital  material  will  continue  to  be  from  the  re- 
ceding shorelines  and  other  reworked  sediments  carried  into  the  area. 


INTRODUCTION 

General 

The  Choptank  River  on  Maryland's  Eastern  Shore  is  a  tributary 
of  the  Chesapeake  Bay  and  part  of  one  of  the  largest  estuarine  complex- 
es in  the  world.  The  densely  populated  and  thriving  hinterland  of  this 
complex  was  favored  in  no  small  way  by  the  development  of  a  system 
of  navigable  waterways  and  a  productive  shellfish  industry.  Perhaps 
no  other  comparable  area  supplies  more  seafood  than  does  the  Chesa- 
peake Bay  (Radoff,  195Z).  Consequently,  the  rapid  accumulation  of 
sediments  in  navigable  channels  and  in  areas  of  commercial  shellfish 
beds  has  been  a  problem  peculiar  to  the  region's  economic  well  being. 
Erosion  too  has  been  a  problem,    particularly  along  the     Eastern   Shore 
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in  the  vicinity  of  the  Choptank  River  where  himdreds  of  acres  of  land 
have  been  lost  and  the  floor  of  the  bay  has  been  modified  by  the  action 
of  waves  and  currents.  In  1961,  Jordan  made  a  quantitative  study  of 
topographic  and  hydrographic  changes  of  the  shoreline  and  estuary  floor 
in  the  eastern  Chesapeake  Bay  and  lower  reaches  of  the  Choptank  Riv- 
er. His  study  was  based  on  hydrographic  surveys  spanning  a  period  of 
approximately  100  years  (Jordan,  1961).  Changing  shorelines  and 
depths  of  water  were  treated  in  detail.  During  the  fall  of  1963,  bottom 
samples  were  obtained  in  the  lower  and  upper  reaches  of  the  Choptank 
River  system  by  means  of  a  Phleger  corer.  This  work  was  accom- 
plished by  the  USC&GS  Ship  Marmer.  The  present  paper  is  based  on 
results  of  the  bottom-sample  analyses  and  considers  pertinent  aspects 
of  sedimentology  near  the  mouth  of  the  Choptank  River. 

Previous  Investigations 

The  Choptank  Folio  (Miller,  1912)  was  the  first  detailed  geolo- 
gic work  in  the  area.  This  work  was  followed  by  that  of  Miller  and 
Little  (1916)  and  Miller  (1926,  1926a).  Stephenson,  Cooke,  and  Mans- 
field (1932)  discussed  the  area  in  a  guidebook  for  the  XVI  International 
Geological  Congress.  Hunter  (1914)  and  Singewald  and  Slaughter  (1949) 
reported  on  erosion  and  sedimentation  in  Chesapeake  Bay  off  the  mouth 
of  the  Choptank  River  and  in  Tidewater  Maryland,  respectively. 
Shattuck  (1906),  Cooke  ( 1930,  1931),  and  Breitenbach  and  Carter  (1952) 
studied  the  Pleistocene  and  recent  sediments  and  terraces.  Dryden 
(1931)  described  the  Miocene  formations,  some  of  which  are  found  in 
the  Choptank  area.  Other  geologic  work  in  the  area  of  this  study  in- 
cludes that  of  Clark  (1918),    and  Wood  (1926). 

The  history  of  geographical  research  in  the  bay  area  and  parts 
of  Delmarva  Peninsula  have  been  summarized  by  Miller  (1926).  Tides, 
currents,  and  sea  level  changes  have  been  reported  by  Haight  and  oth- 
ers (1930)  and  Disney  (1955).  Rasmussen  and  Slaughter  (1951,  1957) 
reported  on  the  ground-water  resources  of  the  Cambridge  area. 

The  most  recent  sediment  studies  in  the  immediate  area  include 
Jordan's  (1961)  descriptive  and  quantitative  investigation  on  the  bathy- 
metry and  Ryan's  (195  3)  sedimentological  study  of  Chesapeake  Bay. 
The  latter  study  dealt  with  all  parts  of  the  Bay  except  the  Choptank 
Estuary.  Also,  in  1963,  Biggs  reported  on  geochemical  analyses  of  the 
sulfides  and  related  organic s  for  a  small  part  of  the  main  .Chesapeake 
Bay  area. 

Area  and  Method  of  Study 

The  Choptank  River  flows  across  the  Delmarva  Peninsula,  which 
lies  between  Chesapeake  Bay  and  Delaware  Bay  and  includes  parts  of 
Delaware,  Maryland,  and  Virginia  (Figure  1).  The  river  is  approxi- 
mately 70  miles  long  and  drains  the  west  central  portion  of  the  penin- 
sula.    With  the  exception  of  its  headwaters,   which  rise  in  Kent   County, 
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Figure   1.      Map    of    Choptank    River    area.        The     dotted     line  is  the  3- 
fathom  depth  contour. 


Delaware,  the  course  of  the  Choptank  River  lies  entirely  in  Talbot, 
Dorchester,  and  Caroline  Counties,  Maryland.  At  a  point  approximate- 
ly 45  miles  southeast  of  Washington,  D.  C.  ,  and  139  miles  north  of 
Norfolk,  Virginia,  the  river  empties  into  Chesapeake  Bay.  The  work 
reported  here  deals  primarily  with  the  sediments  in  the  tidal  portion  of 
the  river,  its  tributaries,  and  the  adjacent  portion  of  the  Bay  that  re- 
ceives the  debouched  river  water  and  sediments. 

A  biased  sampling  pattern  was  used  in  this  study,  based  on  the 
changes  in  water  depths  and  shorelines  described  by  Jordan  (1961). 
Areas  of  erosion,  sedimentation,  and  those  showing  little  or  no  change 
were  sampled  as  well  as  a  number  of  points  up  the  river  and  in  areas 
of  greatest  depths,  or  scour  holes  (Figure  2).  Bottom  samples  were 
obtained  by  means  of  a  Phleger  corer.  Sedimentological  analyses  fol- 
lowed and  were  analyzed  by  the  standard  procedures  described  in  the 
following  publications:  Allan  Hancock  Staff,  1958;  Allison,  1935;  Bien, 
1952;  Krumbein  and  Pettijohn,    1938;  and  Moore  and  Gorsline,    I960. 

GEOLOGIC  AND  GEOGRAPHIC  SETTING 

General 

For  the  most  part,  poorly  indurated  soft  rocks  and  semiconsol- 
idated  or  unconsolidated  sands,  gravels,  and  calcareous  sediments, 
constitute  the  Coastal  Plain  formations  of  Maryland.  This  being  the 
case,  particularly  on  the  Eastern  Shore,  it  is  often  difficult  to  unques- 
tionably identify  formational  contacts  in  many  locations.     This  problem 
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Figure  2.      Bathymetry  of  Choptank  River. 


is  further  compounded  by  the  Lack  of  structural  elements  in  the  forma- 
tions and  by  the  modification  and  rev/orking  of  sediiTients  during  trans- 
gressions of  Pleistocene  seas,  which  has  necessitated  defining  the 
Pleistocene  formations  on  the  basis  of  t'ae  terraces  formed  by  the 
transgressing  seas. 

In  the  Choptank  Watershed,  surface  formations  range  in  age 
from  Miocene  to  Recent  but  Pliocene  formations  are  not  present  (Fig- 
ure 1).  Miocene  formations  underlie  the  entire  area.  However,  they 
crop  out  only  along  the  banks  of  some  of  the  tributaries  to  the  Choptank 
River.  These  formations,  the  Calvert  and  Choptank,  generally  strike 
northeast  and  dip  gently  southeast. 

By  far  the  largest  portion  of  the  Miocene  surface  is  covered  by 
the  Pleistocene  Talbot  and  Wicomico  Formations  which  topographically 
appear  as  terraces.  These  formations  are  the  reworked  sands,  grav- 
els, and  clays  that  may  have  been  eroded  and  redeposited  by  a  number 
of  Pleistocene  inundations.  It  is  possible  that  some  of  these  surfaces 
or  their  materials  are  of  Pliocene  age.  Recent  sediments  are  found  on 
the  floor  of  coastal  and  estuarine  marshes  and  generally  are  similar  in 
composition  to  the  terrace  sediments. 

Pleistocene  and  Recent  History 

The  coastal  margin  of  the  eastern    United  States  is  characteriz- 
ed by  a  number  of  terraces  in    various  degrees     of  preservation.     As  a 
result  of  erosion,      vegetation,      and  inherent    low  relief    these  terraces 
are  often  obscure     and  unidentifiable     in    many    places.      Consequently, 
not  all  workers  in  the  area  agree  as  to  the  number  of  terraces  present. 
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as  discussed  by  Cooke  (1941).  Many  of  those  who  have  studied  the 
problem  agree  that  the  terraces,  when  present,  indicate  higher  stands 
of  the  sea  since  the  early  Pleistocene  and  that  the  terrace  features  re- 
late to  the  past  advances  and  retreats  of  the  continental  ice  mass. 
Since  each  successive  cooling  and  warming  is  postulated  to  have  been 
of  lesser  magnitude  than  the  preceding  cycle,  the  oldest  terrace  is  con- 
cluded to  be  at  the  highest  elevations  and  each  succeeding  younger,  or 
more  recently  formed,    terrace  to  be  at  successively  lower  elevations. 

During  the  early  Pleistocene,  the  emerged  Eastern  Shore  of 
Maryland  was  eroded.  This  followed  a  series  of  Miocene  and  Pliocene 
periods  of  uplift,  erosion,  and  submergence,  and  preceded  a  similar 
sequence  of  events.  The  number  of  times  this  occurred  is  not  known. 
At  the  beginning  of  the  Pleistocene  the  peninsula  v.as  undoubtedly  much 
smaller  and  the  area  of  the  bays  much  larger.  With  time  and  diminish- 
ing magnitude  of  sea-level  changes  the  respective  dimensions  of  the 
bay  and  peninsula  tended  toward  the  present  configuration. 

With  each  uplift,  a  new  drainage  system  must  have  formed  on 
the  newly  exposed  sediments  to  erode  and  transport  the  unconsolidated 
sediments  back  to  the  sea  floor.  As  each  successive  transgression  of 
the  sea  inundated  the  land  it  left  its  mark  or  scar  in  the  form  of  a 
wave-cut  scarp.  These  scarps  became  the  seaward  extent  of  the  con- 
sequent terrace  and  the  indicators  of  the  various  stands  of  the  sea  used 
today  to  relate  these  old  surfaces. 

Physiography 

The  physiographic  expression  of  the  western  Eastern  Shore  of 
Maryland  is  of  low  relief,  low  elevation,  and  with  the  exception  of  the 
Pleistocene  terraces,  is  essentially  flat  and  featureless.  This  fact  is 
attributed  to  the  soft  and  readily  eroded  sedimentary  material  found 
throughout  the  area.  Maximum  elevations  are  slightly  over  70  feet 
while  approximately  three-fourths  of  the  area  is  below  25  feet;  how- 
ever, the  topography  of  the  Choptank  Watershed  can  be  characterized 
by  the  physical  character  of  three  distinct  topographic  features.  These 
are  the  tidal  marshes,  and  the  plains  of  the  Talbot  and  Wicomico  ter- 
races.     The  principle  distinction  between  these  features  is  elevation. 

At  the  heads  of  the  estuaries,  mouths  of  tributary  streams,  a- 
long  the  river,  and  on  many  of  the  islands,  tidal  marshes  are  common. 
The  marsh  areas  are  underlain  by  sands,  clays,  and  gravels  support- 
ing an  abundant  growth  of  marsh  vegetation.  Accurate  charts  are  diffi- 
cult to  make  for  many  portions  of  the  Eastern  Shore  because  by  the 
nature  of  tidal  marshes  many  acres  are  inundated  by  the  high  tide. 
Some  of  the  islands  are  found  to  exist  only  at  times  of  low  tide  as  is 
characteristic  where  marshes  abound. 

The  Talbot  terrace  is  a  flat  surface  of  marine  origin  that  covers 
the  largest  portion  of  the  study  area.  It  extends  from  sea  level  in 
places  to  elevations  of  45  feet  above  sea  level  and  in  most    areas  at  the 
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lower  elevations  it  borders  the  tidal  marsh.  Those  portions  of  the 
terrace  at  sea  level  are  constantly  being  worn  away  by  wave  action  at 
the  shorelines  which  in  turn  provides  a  wealth  of  sedimentary  material 
to  the  subaqueous  areas.  Erosion  is  augmented  during  the  winter 
months  when  the  northwest  winds  increase  the  effectiveness  of  waves. 
During  these  times  of  increased  wave  energy  the  water  often  becomes 
heavily  laden  with  suspended  sediments.  Stream  erosion  has  had  re- 
latively little  effect  on  erosion  of  the  terraces  because  of  the  low  ele- 
vations and  the  gentle  stream  gradients. 

The  older  and  higher  Wicorr)icn  terrace  is  separated  from  the 
Talbot  by  a  20  to  25  foot  north- south  escarpi-nent  (Sviffolk  scarp).  This 
escarpment  is  wave-cut  and  is  particularly  well  defined  i:o  the  vicinity 
of  Easton  (Figure  1).  Since  the  elevations  of  the  V/icomico  terrace  are 
greater  than  the  Talbot  it  has  been  subjected  to  longer  periods  of  ero- 
sion by  streams  of  greater  energy  as  evidenced  bythe  stream  and  river 
valleys. 

Hunter  (1914)  observed  that  north  of  the  Choptank  River  raouth 
shores  of  the  Bay  were  altered  by  erosion  cutting  inland  in  contrast  to 
the  south  where  large  areas  of  marsh  are  apparently  building.  A  short 
distance  below  the  niouth  of  the  river  the  bay  widens  two  or  three  fold. 
Therefore,  it  would  appear  that  the  bay  is  striving  for  equilibrium  in 
bay  width  since  the  aggradation  is  found  in  the  v.'idest  portion  and  de- 
gradation dominates  in  the  narrower  northern  portion  of  the  bay. 

Simply  stated,  the  topographic  history  of  the  area  is  reflected 
in  the  history  of  the  development  of  the  terraces. 

The  drainage  system  is  dendritic  and  relatively  simple  because 
of    the     lack    of     structural     control.     Generally,     the    land  is  naturally 
drained  both  by    runoff  and    percolation    to    the    ground   water  system. 
Many  of  the  streams  are  brackish  and  lack    currents  except  for  a  small 
tidal  influence.      The  Choptank  River  rises     in  Kent  County,    Delaware, 
at  an  elevation  of    60  feet.      The     tidal     range  is  approximately   two  feet 
and     extends    beyond  the  "Y"  formed     by  the     tributary  Tuckahoe  Creek 
and  the  Choptank  River. 

Bathymetry 

Because  the  present  investigation  is  meant  to  complement 
Jordan's  (1961)  study,  this  discussion  of  the  bathymetry  is  based  upon 
his  work.  The  bathymetric  characteristics  of  the  Choptank  River  are 
shown  in  Figure  2. 

Ctioptank  River  Channel.  Changes  in  configuration  of  the  main 
channel  of  the  Choptank  River  result  from  the  nature  of  the  containing 
land  area  and  from  the  estuarine  conditions  of  the  river.  At  the  mouth 
and  in  the  lower  reaches  a  broad  expanse  of  water  provides  a  fetch  for 
wave  generation  that  exposes  the  shoreline  of  the  river  and  its  tributar- 
ies to  the  same  erosional  forces  found  in  the  open  bay.  Redistribution 
and  erosion  of  an  abundant     supply  of  sediments    by  waves  and  currents 
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is  augmented  by  the  tides  which  extend  upstream  to  the  Tuckahoe 
Creek  area. 

For  over  100  years  sedimentation  has  exceeded  erosion  in  the 
main  channel  and  this  net  addition  amounts  to  approximately  30  feet  at 
the  entrance.  Along  the  course  of  the  river  scour  holes  are  common 
and  are  maintaining  their  depths.  Several  holes  are  rnaintained  in  a  50 
to  60  foot  depth  range  and  in  some  cases  appear  to  be  slowly  migrating 
down  stream. 

Jordan  (1961)  has  shown  by  profiles  locations  where  one  side  of 
the  channel  has  been  eroded  and  a  compensating  amount  of  deposition 
on  the  opposite  of  the  channel  has  occurred  indicating  a  meander-like 
movement  of  the  main  channel. 

Subaqueous  Terraces.  No  attempt  is  made  to  correlate  or 
equate  the  subaqueous  terraces  in  the  area.  However,  the  existence  of 
these  features  should  be  noted  as  they  provide  an  indication  of  limiting 
depths  of  erosion  and  sedimentation.  As  mentioned  in  another  section 
of  this  report  the  greatest  shoreline  erosion  is  along  the  main  shores 
of  the  bay;  nevertheless,  erosional  forces  areeffective  elsewhere,  as 
for  example  in  the   scour  zones  in  channels  and  inlets. 

Broad  terraces  at  depths  of  3  feet  are  present  in  both  the  Chop- 
tank  and  Little  Choptank  Rivers.  These  terraces  are  found  on  resistant 
bars,  spits,  and  broad  areas  of  deposition.  At  a  slightly  greater  depth, 
generally  5  to  7  feet,  what  appear  to  be  broad  erosional  terraces  have 
formed.  The  limiting  depth  appears  related  to  the  degree  of  exposure 
to  storms  and  to  the  stronger  currents.  Throughout  the  area  of  the 
river  mouth  and  adjacent  bay,  terraces  apparently  formed  by  erosional 
agents  can  be  found  in  depths  ranging  from  2  to  15  feet. 

Shoreline  Changes.  At  Cook  Point  on  the  southern  side  of  the 
river  entrance,  the  shoreline  has  receded  approximately  one-quarter  of 
a  mile.  Across  the  river  to  the  north,  in  the  vicinity  of  Broad  Creek, 
erosion  of  the  shoreline  has  progressed  three-quarters  of  a  mile  in 
places  (Figure  1).  Throughout  the  area  Jordan  (1961)  has  mapped 
shoreline  changes.  With  the  exception  of  a  few  scattered  localities  all 
changes  are  erosional  and  are  not  restricted  solely  to  headlands,  spits, 
and  similar  protruding  features  although  all  of  these  prominences  have 
been  altered. 

It  is  evident  from  the  map  of  Figures  1  and  2  that  the  shoreline 
is  vulnerable  and  susceptible  to  even  low  magnitude  erosional  process- 
es. 

Changes  in  Sea  Level.  The  tidal  ranges  for  the  Chesapeake  Bay 
and  its  tributaries  are  given  as  yearly  averages  and  appear  as  small 
values.  However,  even  though  extremes  are  infrequent  it  is  significant 
to  note  the  highest  sea  level  recorded  at  Baltimore  between  1902  and 
1953  was  12.  8  feet.  The  normal  tidal  range  here  is  only  1.  1  feet  and 
the  average  yearly  lowest  tide  over  50  years  has  been  2.  9  feet  below 
the  mean  of  low  waters  (Jordan,    1961;  Disney,    1955). 

Under  Johnson's  (1919)  classification    of  shorelines  the  present 
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shoreline  is  submergent  representing  a  rise  in  sea  level  since  the  last 
glacial  period.  It  is  logical  to  assume  that  either  the  subaqueous  ter- 
races have  been  drowned  as  a  result  of  this  recent  increase  in  sea 
level  or  are  very  recent  erosional  features.  However,  the  secular 
changes  measured  in  the  area  by  Jordan  (1961)  show  the  terraces  to  be 
erosional  and  depositional  features  altered  during  the  past  100  years. 

Tide-level  observations  over  the  past  40  years  show  an  0.  Oil 
foot  rise  per  year  relative  to  land  which  infers  1  foot  rise  in  sea  level 
since  the  1840's.  This  change  in  sea  level  is  not  apparent  from  the 
comparison  of  soundings.  If  this  is  true  it  may  be  assumed  that  the 
Choptank  River  region  will  continue  to  be  a   submergent  coastal  area. 


SEDIMENTOLOGY 
Cores  and  Their  Analysis 

The  locations  of  core- sample  stations  are  shown  in  Figure  3. 
As  noted  earlier,  the  sampling  sites  were  based  on  the  bathymetric 
study  of  the  area  by  Jordan  (1961).  An  attempt  was  made  to  obtain 
samples  from  areas  of  deposition,  erosion,  and  zero  net  change,  as 
well  as  from  the  nnajor  features  of  the  physical  environment  --  the 
channels,  slopes,  and  marginal  terraces.  The  limited  period  during 
which  the  ship  was  available  restricted  the  total  number  of  stations  to 
36,  of  which  34  were  successfully  sampled.  Twenty-two  of  these  v/ere 
full-length  cores  of  about  70  centimeters.  The  Phleger  coring  device 
that  was  used  to  obtain  the  samples  penetrates  to  a  maximum  depth  of 
approximately  one  nieter,  but  thinning  of  the  sediments  ahead  of  the 
penetrating  core  barrel  tends  to  shorten  the  core  sample.  Sands  are 
very  difficult  to  penetrate  and  the  shorter  samples,  of  5  to  40  centi- 
meters in  length,  were  invariably  sandy.  All  but  two  of  the  longer 
cores  were  essentially  uniform  in  appearance.  Hence,  subsamples 
were  taken  only  from  the  top  and  bottom  10  centimeters.  The  other  two 
long  cores  and  the  remaining  cores  of  sufficient  length  to  permit  mul- 
tiple subsampling  were  variable  in  lithology.  All  lithologic  types  were 
sampled;  channels  and  areas  of  net  deposition  were  best  represented 
by  approximately  half  of  the  samples.  Areas  of  erosion  and  upper- 
river  channel  samples  were  represented  by  only  three  cores.  The  re- 
maining cores  were  collected  in  areas  of  no  net  change. 

Representative  fractions  of  each  core  subsample  were  dried  and 
powdered  for  later  chemical  analysis.  The  remaining  and  larger  por- 
tion of  the  sample  was  analyzed  mechanically  in  order  to  determine  the 
textural  character  of  the  sediment.  The  methods  used  in  this  analysis 
follow  those  described  by  Moore  and  Gorsline  (1961).  Computations  of 
textural  parameters  were  programmed  for  computer  calculation,  based 
on  moment  raeasures  of  the  size  distributions  (see  Krumbeinand  Petti- 
john,    1938).      Phi  notation  was  used    in    the     textural     computations    but 
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Figure   3.      Locations  ot  core-sampling  stations. 


diameters  are  noted  in  equivalent  millimeter  values  for  the  various 
tabulation  and  plates.  Coarse  fractions  were  examined  after  the  gen- 
eral method  of  Shepard  and  Moore  (1954). 

The  analytical  data  are  filed  at  the  Office  of  Research  and 
Development,  Coast  and  Geodetic  Survey,  Environmental  Science  Ser- 
vices Administration  of  the  U.  S.  Department  of  Commerce  and  at  the 
Department  of  Geology,  University  of  Southern  California.  Data  sum- 
maries have  been  prepared  in  punch  card  form  and  data  printouts  may 
be  obtained  on  request. 

Textural  Properties 

The  ranges  in  textural  properties  are  illustrated  by  the  plot  of 
mean  diameter  versus  skewness  and  mean  diameter  versus  standard 
deviation  in  Figure  4.  Based  on  this  plot,  the  sediments  fall  into  two 
major  groups:  a  sand  series  designated  Group  I  and  a  fine  silt  or  silt- 
clay  series  designated  Group  11.  A  few  fine-grained  samples  were 
found  to  lie  outside  the  main  range  of  the  fine  series  and  were  specifi- 
cally examined.  Most  of  these  points  were  found  to  result  from  errors 
in  analysis,  or  we  re  mixtures  of  fine  silt  and  silt-clay  with  whole  shells 
of  biological  origin.  Correction  of  these  data  eliminated  the  extraneous 
points. 

The  grain- size  distributions  of  the  Group  I  sediment  samples 
are  shown  in  histogram  form  in  Figure  5.  The  samples  in  this  group 
for  the  most  part  are  from  the  axis  of  the  channel  (see  station  locations 
in  Figure  3).  The  grain- size  distributions  of  the  Group  11  samples  are 
shown  by  histograms  in  Figure  6.      Most  of  the  latter     group  of  samples 
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Figure  4.  Ranges  of  grain  size  in  sedi- 
ment samples- -mean  diameter  versus 
standard  deviation  and  mean  diameter 
versus   skewness  plots. 


also  are  from  the  axis  of  the  channel.  In  Figure  7,  the  Group  II  grain 
sizes  are  plotted  as  cumulative  frequency  curves  on  probability  co- 
ordinates. 

No  attempt  ha.s  been  made  to  cha.rt  the  area.l  distr.lbiiLion  of  sed- 
iiTient  textural  parameters  sir^ce  the  channel,  central  slope,  and  bay- 
floor  samples  are  all  of  about  the  sarr^e  grain,  size,  whereas  :he  sliallow 
terrace  samples  are  highly  variable  gravels  and  sands  and  are  repre- 
sented by  relatively  few  sa^riple  localities.  .A.  schematic  view  of  ,.he 
areal  distribution  of  sediment  textures  would  show  fine  seuimer.'t 
covering  much  of  the  bottoin  at  depths  greater  than  20  to  25  feet  and 
sandy  bottom  at  lesser  depths. 

The  various  diagrarris     indicate   several     environmental  controls 
in  the  observed  characteristics.    In  the  Group  II  samples  the  main  trend 
is  towards  negative  skewness  with  decreasing  mean  size.    This  reflects 
the  effect  of  artificial  deflocculation  of  naturally  flocculated  aggregates 
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Figure  5.  Histograms  showing  grain- size 
distribution  in  Group  I  sediments  of 
Figure  4.  Labels  indicate  core-sampl- 
ing station,  length  of  core  sample,  and 
mean  diameter  in  millimeters. 


which  probably  behave  hydraulically  as  silts  in  nature.  Channel  sam- 
ples are  generally  distributed  around  an  average  skewness  of  zero  and 
range  from  about  -0.  5  to  +0.  5,  although  there  is  considerable  overlap. 
Central  bay-floor  samples  outside  the  channels  but  in  areas  of  fine 
sediment  mainly  are  skewed  positively  and  reflect  either  a  coarse  sand 
or  a  shell  fragment  admixture  with  the  uniform  silt-clay  type.  The 
majority  of  these  samples  of  Group  II  character  are  in  the  areas  of  net 
deposition  and  thus  probably  represent  a  single  sediment  sequence  laid 
down  by  tidal  currents  in  the  deeper  and  low-turbulence  zones  of  the 
system. 

The  Group  I  samples  are  sands  with  modal  sizes  in  the  medium 
and  fine  grades  with  variable  additions  of  shell  fragments  at  the  coarse 
end  of  the  distribution  and  silt- clay  matrix  at  the  fine  end.  This  vari- 
ation in  minor  components  causes  the   spread  in  values  shown  in  Figure 
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Figure  6.  Histograms  showing  grain- size  distribution  in  Group  II 
samples  of  Figure  4.  Labels  indicate  core- sannpling  sta- 
tion, length  of  core  sample,  and  mean  diameter  in  phi  units. 


4.     All  of    the  sands     are  within  the  depth  range     of  the  shallow  terrace 
being  swept  by  waves. 

Kurtosis  has  not  been  interpreted  in  detail  inasmuch  as  it  is  a 
reflection  of  sorting  (or  standard  deviation)  and  is  nnuch  influenced  by 
the  tails  of  the  size  distribution  plots;  the  parts  which  are  also  subject 
to  the  largest  errors. 

Calcium  Carbonate  Contents 

Calcium  carbonate  contents  were  determined  from  gasometric 
analyses  (Bien,  1952).  With  the  exception  of  two  or  three  samples  con- 
taining shells  or  shell  fragments,  carbona.te  contents  are  less  than  5 
percent  and  the  great  majority  a.re  one  percent  or  less  by  weight.  This 
may  be  due  in  part  to  the  presence  of  reduced  conditions  in  the  channel 
sediment  and  other  areas  of  fine  sediment  deposition.  Pollution  too 
may  be  a  factor;  numerous  small  towns  and  tv^o  small  cities  dump 
much  of  their  wastes  into  the  river.  In  the  shallow  terrace  sediments 
shells  and  shell  fragments  are  inuch  more  connmon  and  almost  all  of 
the  high  carbonate   sediments  are  Group  I  sands. 

Carbonate  is  predominantly  shell  fragments,  with  lesser  a- 
mounts  of  foraminifera.  No  detrital  carbonate  was  noted.  Rates  of 
sedimentation  may  be  an  important  factor  in  limiting  the  amount  of 
carbonate,    and  leaching  may  occur  in  the  reduced  fine  sediments. 
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Figure  7.  Group  II  samples  of  Figure  6  plotted  as 
cumulative  frequency  curves  along  pro- 
bability coordinates. 


Organic  Contents 

The  organic  carbon  and  nitrogen  contents  of  surface  sediment 
have  been  plotted  in  Figure  8.  The  graphical  plot  of  these  points  shows 
the  majority  of  values  to  fall  along  a  trend  with  an  approximate  slope 
of  about  9  or  close  to  the  average  carbon-nitrogen  ratio  of  the  surface 
sediments. 

Another  form  of  interpretation  is  by  analysis  of  the  ranges  and 
modes  of  organic  values  in  different  environmental  groups.  Figure  9 
shows  the  higher  concentrations  of  nitrogen  and  carbon  occur  in  the 
fine-grained  sediments  of  textural  Group  II  and  that  the  organic  content 
of  the  sediments  in  general  is  relatively  high.  The  larger  coarser 
grain  sizes  also  appear  to  exert  a  significant  influence.  The  relatively 
low  organic  values  occur  in  the  coarse  or  sand- sized  samples  of  Group 
I.  Since  the  areas  of  deposition  consist  mainly  of  fine  sediment,  the 
organic  contents  in  these  areas  are  essentially  the  same  as  shown  for 
the  fine-grained  sediments  of  Group  II.  A  definite  correlation  also 
appears  to  exist  between    the     organic     content     and     areas     of    coarser 
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Figure  8.  Carbon-nitrogen  ratios  of  Chop- 
tank  River  surface  sediments,  given  as 
percent  of  total  weight  of  sannple. 


grain  sizes.  Relatively  low  organic  contentLj  are  noted  in  the  coarse  or 
sand-sized  samples  of  Group  II.  The  areas  of  deposition  consist  main- 
ly of  fine  sediments  and  show  marked  increases  in  organic  contents 
similar  to  the  fine-grained  sediments  of  Group  II. 

The  carbon-nitrogen  ratios  in  the  surface  sediments  are  quite 
uniform.  The  average  values  of  these  samples  were  in  the  normal 
range  for  open-ocean  shelf  environments  (Emery,  I960).  These  values 
are,  however,  quite  different  from  observed  ratios  in  bays  and  estu- 
aries known  to  the  authors  (and  reported  by  Kofoed  and  Gorsline,  1962; 
Stewart  and  Gorsline,  1962,  and  Gorsline  and  Stewart,  1962)  in  which 
the  ratios  average  as  high  as  20. 


CONCLUSIONS 


Origin  of  Sediments 


It  appears  that  the  major  contribution  of  fine-grained  sediments 
to  the  channel  and  other  areas  of  silt  and  clay  deposition  is  from  out- 
side the  river  system,  most  probably  from  the  waters  of  the  open  bay. 
Since  fine   silt  and  clay   particles  usually  travel  along  a  similar  path  as 
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Figure  9.  Histograms  showing  organic  carbon 
and  nitrogen  contents  of  Choptank  River 
sediments  by  different  environmental  groups. 


that  of  the  organic  matter  --  owing  to  similar  settling  velocities,  to 
the  probable  absorption  of  organics  by  the  clays  or  the  incorporation  of 
organic  material  with  clay  and  silt  in  the  production  of  fecal  pellets  by 
many  organisms  --it  follows  that  much  of  the  clay- silt  must  be  brought 
into  the  river  from  the  bay  by  tidal  circulation.  The  salinity  wedge  in 
the  bay  system  channels  also  suggests  that  this  is  a  dominant  inecha- 
nism  inasmuch  as  the  estuarine  circulation  systems  tend  to  have  a  net 
inshore  (upstream)  motion  in  the  bottom  waters.  Further,  the  larger 
expanse  of  open  water  in  the  bay  is  conducive  to  erosion  of  the  uncon- 
solidated and  generally  fine-grained  sediments  of  the  eastern  shore. 
This  was  shown  graphically  and  vividly  by  Jordan  (1961).  However, 
some  silt  sediments  are  delivered  to  the  river  by  runoff  and  are  trans- 
ported to  the  bay  without  interruption. 

The  most    likely     source     of    the     organic     content    is  planktonic 
protein  or  marine  microbiological  reworking   of  similar  material. 

Sand-sized     sediments     are  found     within    the  depth  range  of  the 
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shallow  terrace.  Inasmuch  as  sand  is  not  being  supplied  to  these 
areas,  the  sands  must  be  reworked  sediments  of  older  Pleistocene  de- 
posits. The  sand- sized  sediments  occur  in  a  shallow  depth  range 
where  waves  and  currents  readily  winnow  the  silts  and  clays.  Hence, 
these  areas  are  essentially  nondepositional  areas  where  sand- sized 
materials  tend  to  concentrate. 

Relation  of  Sediments  to  Areas  of  Cut  and  Fill 

The  areas  of  cut  and  fill  described  by  Jordan  (1961)  can  grossly 
be  described  as  areas  of  sand  and  silt-clay  sediments  respectively. 
The  sands  (sediments  of  larger  mean  grain  size)  are  lag  deposits  re- 
sulting from  winnowing  by  waves  and  currents  and  are  essentially  lim- 
ited to  the  shallow  terraces  along  the  shorelines.  The  silt-clay 
sediments  are  generally  in  the  deeper  areas  of  the  estuary  and  appear 
to  be  "streamed"  or  transported  along  the  axis  of  flow. 

Areas  such  as  Tilghman  Island,  Cook  Point,  and  Sharps  Island 
have  been  subject  to  the  greatest  amount  of  erosion  over  the  years. 
There  is  no  reason  to  believe  this  condition  will  change  in  the  near 
future  without  engineering  works.  The  peninsula  of  Tilghman  Island 
and  Cook  Point  could  continue  to  be  eroded  to  the  wave  base.  This 
would  result  in  loss  of  more  than  half  of  the  present  land  area  in  the 
next  100  years.  As  mentioned  previously,  the  present  shoreline  is  a 
submergent  feature  and  this  further  complicates  the  problem. 
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Marine  Geology  of  the 
Northeastern  Gulf  of  Maine 


R.  J.  MALLOY  and  R.  N.  HARBISON,  Geophysicists 
U.S.  Coast  and  Geodetic  Survey 


A  COMBINED  hydrographic,  seismic  reflection 
profiling  (sparker),  and  magnetic  survey  was  con- 
ducted during  1962  over  the  northeast  portion  of 
the  Gulf  of  Maine  near  the  mouth  of  the  Bay  of 
Fundy.  The  area  covers  2,200  square  nautical 
miles  and  was  traversed  with  over  4,000  nautical 
miles  of  survey  lines.  Navigational  control  was 
by  Raydist. 

Close  control  and  dense  trackline  coverage 
made  possible  the  construction  of  a  bathymetric 
map,  a  bedrock  morphology  map,  an  isopachous 
contour  map  of  the  unconsolidated  sediments,  and 
a  total  field  magnetic  map.  The  bedrock  map  re- 
vealed a  morphological  grain  with  a  strong  north- 
easterly preferred  orientation,  controlled  by 
geological  structure,  and  not  by  glacial  erosion 
and  deposition.  Folds,  cuesta  ridges,  faults,  and 
dikes  contribute  to  this  trend  and  as  a  consequence 
this  area  is  assigned  to  the  Appalachian  physio- 
graphic province. 

Large  positive  magnetic  anomalies,  apparently 
dikes,  corroborate  the  general  northeasterly  trend 
of  faulting,  and  the  general  magnetic  grain  cor- 
roborates the  northeast  striking  folded  structure 
interpretation  of  the  country  rock.  One  large 
ring  dike  was  also  discovered  which  is  weakly 
reflected  in  the  bedrock  morphology. 

The  strong  northeasterly  ridge  and  trough 
morphology  survived  the  Pleistocene  southeaster- 
ly ice  advance  and  may  have  been  enhanced  by  the 
ice  crossing  normal  to  the  strike.  Maine's 
northeastern  rectilinear  shore,  trending  north- 
east-southwest and  the  adjacent,  parallel  sub- 
marine scarps  are  ascribed  to  faulting  in  support 
of  Johnson's  Fundian  fault  interpretation  rather 
than  to  glacial  erosion  hypotheses. 

Much  of  the  bedrock  relief  is  buried  beneath 
the  recent  sediment  cover,  appearing  as  con- 
tinuous ridges  to  the  subbottom  analyst,  but  as 
discontinuous  shoals  to  the  hydrographer.  Thus, 
the  sparker  survey  aided  the  hydrographer  in 
revealing  trends  in  bottom  development  and  al- 

The  help  of  the  Commanding  Officer  and  nien  of  the  Explorer 
is  gratefully  acknowledged.  Special  thanks  are  expressed  to 
Mr.  C.  D.  Kearse  for  his  technical  help  in  installing  the 
equipment  and  to  Mr.  F.  P.  Saulsbury,  Mrs.  P.  A.  Battley, 
and  Mr.  G.  F.  Merrill  for  valuable  cartographic  help  and 
suggestions.  The  writers  are  indebted  to  Dr.  R.  O.  Stone 
of  the  University  of  Southern  California  for  his  encourage- 
ment and  professional  skill  in  bringing  this  Bulletin  to  com- 
pletion. 


lowed  more  accurate  and  continuous  contours  to  be 
drawn    among   the    hydrographic    sounding   data. 

The  origin  and  physical  geology  of  the  Gulf  of 
Maine  have  long  interested  geologists.  Much  has 
been  contributed  to  the  literature  concerning  the 
relationship  of  Georges  and  Browns  Banks  to  the 
mainland  and  the  deeply  submerged  floor  of  the 
gulf.  Before  the  turn  of  the  century,  the  gulf  had 
attracted  the  attention  of  prominent  geologists 
and  geographers.  Controversies  arose,  many  of 
which  have  been  settled  largely  by  the  availability 
of  new  data.  More  soundings  and  the  advent  of 
seismic  refraction  at  sea  have  contributed  heavily 
to  a  better  knowledge  of  the  marine  geology  of 
the  Gulf  of  Maine. 

The  Gulf  of  Maine  is  bounded  on  the  west  by  the 
States  of  Massachusetts  and  New  Hampshire,  on 
the  north  by  the  State  of  Maine,  on  the  northeast 
by  the  Bay  of  Fundy,  and  on  the  east  by  Nova 
Scotia.  South  and  east  of  the  area  are  the  sub- 
marine banks,  Georges  Bank  and  Browns  Bank, 
which  all  but  embay  the  gulf.  Figure  1  serves  as 
a  location  map. 

FIELD  WORK  AND  INSTRUMENTATION 

This  bulletin  incorporates  the  magnetic  and 
seismic  reflection  data  collected  at  the  time  a 
detailed  hydrographic  survey  was  conducted  in 
the  Gulf  of  Maine  during  August  and  September 
of  1962  into  the  present  geological  knowledge  of 
the  floor  of  the  Gulf  of  Maine.  Emphasis  is 
placed  on  the  area  of  the  1962  observations,  but 
its  location  is  such  that  some  general  comments 
can   be  made  concerning  the  origin  of  the  gulf. 

During  the  1962  field  work  the  U.  S.  Coast  and 
Geodetic  Survey  ship  Explorer  completed  2,200 
square  nautical  miles  of  hydrographic,  seismic 
reflection  profiling,  and  magnetic  surveys  of  a 
portion  of  the  Gulf  of  Maine.  Primarily,  this  was 
a  hydrographic  survey  with  a  sounding  line  net- 
work totaling  over  4,000  nautical  miles;  however, 
it  was  also  one  of  the  largest  subbottom  echo 
profiling  surveys  ever  completed.  The  sounding 
line  pattern  was  dense  (figs.  2  and  3)  and  the 
position  control  was  extremely  accurate.  Since 
water  depths  controlled  the  development  detail, 
in  shoal  depths  and  near  isolated  shoal  rocks  the 
sounding  lines  are  more  closely  spaced.  The 
working  speed  of  the  ship    was   12  knots.   Instru- 
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FIG.    2.— Seismic  profiling  trackline  map. 
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FIG.   3.— Magnetometer  trackline  map. 


mentation  and  techniques  empioyed  in  subbottom 
echo  profiling  are  similar  to  those  used  in  routine 
echo  sounding.  The  principal  difference  is  the 
more  intense  and  lower  frequency  energy  used. 
This  energy  is  generated  by  discharging  an 
electric  spark  under  the  water  which  ensonifies 
the  water  with  a  high  level,  short  duration,  low 
frequency  pulse;  the  maximum  energy  is  con- 
centrated between  200  and  900  cycles  per  second. 
The  power  supply  and  recording  equipment  was 
temporarily  installed  aboard  the  Explorer  in  a 
7-ft.  cubic  aluminum  instrument  shelter  (see 
figs.  4  and  5),  Repeated  spark  discharge  explo- 
sions are  synchronized  with  vertical  scans  of  the 
recorder.  Echoes  returning  from  the  ocean  bot- 
tom and  from  the  subbottom  acoustic  interfaces 
are  detected  and  recorded,  forming  a  vertical 
cross- section  of  the  geologic  structure  beneath 
the  track  of  the  ship  (fig.  6).  The  sparker  as  a 
sound  source  for  continuous  seismic  profiling 
was  first  described  in  1956  by  Knott  and  Hersey.^ 
Details  of  the  particular  sparker  circuitry  and 
recording  techniques  used  in  this  study  are  in- 
cluded in  a  report  published  in  the  International 
Hydrographic  Review.  2 

Magnetic  data  were  collected  during  the  1962 
survey  by  a  marine  magnetometer  towed  from  the 
survey  ship.  The  proton  free-precession  mag- 
netometer was  equipped  with  a  digital  printout 
device  and  a  strip  chart  analog  recorder.  Briefly, 
the  principle  of  operation  of  such  a  magnetometer 
is:  Within  the  fish  are  a  container  of  kerosene, 
which  is  rich  in  hydrogen  nucleii,  and  a  coil  of 
wire.  The  nucleii  are  polarized  by  applying  a 
current  in  the  coil  that  sets  up  a  strong  magnetic 
field  for  a  few  seconds.  Upon  removal  or  col- 
lapse of  the  polarizing  field  the  nucleii  will  pre- 
cess  for  about  2  seconds  about  whatever  magnetic 
field  is  left,  which  in  this  case,  is  the  earth's, 
and  the  frequency  of  precession  is  directly  pro- 
portional to  the  field  intensity.  This  frequency  is 
converted  to  a  printout  number  which  can  be 
plotted,  and  then  converted  to  gamma  values. 
Figure  7  shows  the  towing  arrangement  of  the 
magnetometer  and  the  sparker  transducers.  The 
isomagnetic  lines  were  drawn.  Because  of  the 
large  well-defined  anomalies  which  the  total  field 
values  show,  no  residual  magnetic  anomaly  map 
was  constructed.  In  areas  of  the  map  where  the 
total  magnetic  field  gradient  is  gentle  (and  posi- 
tion errors  minimized)  crossing  lines  checked 
within  an  average  of  20  gammas. 


^Knott,  S.  T.,  and  Hersey,  J.  B.,  High  resolution  echo 
sounding  techniques  and  their  use  in  bathymetry,  marine 
geophysics,  and  biology.     Deep  Sea  Research,  v.  4,  p.  36.   1956. 

2Manoy,  R.  J.,  Harbison,  R.  N.,  and  Kearse,  C.  D.,  U.S. 
Coast  and  Geodetic  Survey  geological  echo  profiling  program. 
International    Hydrographic    Review,    v.    41,    p.    37.      July  1964. 
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FIG.   5.— Seismic  Reflection  Profiler  recording  unit. 


FIG.   6.  — A  portion  of  the  seismic  profiling  record  made  in  the  Gulf  of  Maine  during  the  1962  field  season. 


PREVIOUS  WORK 

Hydrography 

The  United  States  Coast  Survey  began  hydro- 
graphic  work  in  the  Gulf  of  Maine  in  1854.  The 
shvpsBibb,  Vixen,  Corndn,  Bache,  and  Stofee  sur- 
veyed the  gulf  until  1875.  D.  W.  Johnson's  exhaus- 
tive work  3  on  the  gulf  was  based  largely  on  thgse 
old  soundings.  During  1930,  1931,  and  1932,  the 
Coast  and  Geodetic  Survey  conducted  hydrographic 
investigations  over  Georges  Bank.  From  these 
data,  Shepard''  concluded  that  the  Gulf  of  Maine 
was  deepened  by  glacial  erosion  and  that  the  outer 
banks  were  formed  by  glacial  deposition. 

In  1939  the  Coast  and  Geodetic  ship  Oceanog- 
rapher   was   equipped   with   a  Hughes-Veslekari 


^Johnson,  D.  W.,  The  New  England-Acadian  shoreline. 
John  Wiley  and  Sons,   New  York,  608  pp.     1925. 

"•Shepard,  F.  P.,  Origin  of  Georges  Bank.  Geolo^cal  So- 
ciety of  America  Bulletin,    V.  45,  no.  2,  p.  281.     1934. 


echo  sounder  and  graphic  recording  instrument, 
This  depth  recorder  was  used  in  an  effort  to  clear 
up  the  troublesome  double  echoes  common  in  the 
gulf.  The  Veslekari  fathogram  showed  graphically 
that  the  double  echoes  were  caused  by  a  layer 
of  easily  penetrated  sediments  overlying  the  bed- 
rock. Figure  1  shows  the  survey  area  of  1940. 
Murrays  published  231  cross  sections  taken  di- 
rectly from  the  Veslekari  fathograms.  The  bot- 
tom configuration  displayed  by  the  cross  sections 
was  later  interpreted  by  Chadwick^  as  caused  by 
glaciation. 

Geology 

N.  S.  Shaler7  proposed  that  Georges  Bank  and 
Browns    Bank   were    terminal    moraines,    as  did 

^Murray,  H.  W.,  Topography  of  the  Gulf  of  Maine.  Geolog- 
ical Society  of  America  Bull  etin,  v.  58,  p.  153.     1947. 

^Chadwick,  G.  H.,  Glacial  molding  of  the  Gulf  of  Maine. 
Geological  Society  of  America  Bulletin,  v.  60,  no.  12,  pt.  2,  p. 
1967  (Abstract).    1949. 

■'Shaler,  N.  S.,  The  geological  history  of  harbors.  U.S. 
Geological  Survey  Annual  Report,  pt.  2,  p.   163.     1893. 


Alexander  Agassizs  and  J.  W.  Goldthwait.''  Pro- 
fessor Thoulet  10  thought  that  the  Grand  Banks 
were  formed  by  the  meeting  of  the  Gulf  Stream, 
the  Labrador  Current,  and  a  current  flowing  from 
the  Bay  of  Fundy,  at  which  point  shore  ice  rafting 
terrigenous  sediments  melted,  building  the  outer 
banks.  Shaler"  was  the  first  to  call  the  Bay  of 
Fundy  a  fjord,  noting  that  fjords  are  often  incised 
at  right  angles  to  the  major  ice  movements. 
Uphami2  suggested  that  the  Gulf  of  Maine  was  cut 
into  bedrock  by  streams  at  the  end  of  the  Tertiary. 
Barren  13  presented  the  possibility  that  the  weight 
of  glacial  ice  on  the  continent  bulged  up  the  un- 
burdened, submarine  continental  margins,  thus  af- 
fording a  mechanism  whereby  the  ocean  floor  was 
lifted  into  the  environment  of  glaciation  during 
times  of  maximum  ice  thicknesses  by  a  transfer 
of  mass  at  depth.     This  hypothesis  is  unproven. 

D.  W.  Johnson,  in  his  classic  work.  The  New 
England- Acadian  Shoreline,  i"*  searched  through 
considerable  data,  did  extensive  field  work,  and 
drew  numerous  conclusions  regarding  the  sub- 
marine geology  of  the  Gulf  of  Maine.  His  con- 
tribution is  so  significant  that  it  serves  as  a  ref- 
erence point  to  which  all  subsequent  work  in  the 
geology  of  the  area  can  be  compared.  For  this 
reason  a  resume  of  Johnson's  thinking  on  the 
physiography  and  marine  geology  of  the  Gulf  of 
Maine  is  presented. 

Johnson  suggested  that  the  Gulf  of  Maine  was 
formed  on  a  southeast  tilting  peneplaned  oldland 
composed  of  crystalline  and  metamorphosed 
rocks,  highly  folded  and  extending  under  less 
folded,  southeast  dipping  Carboniferous,  Triassic, 
and  Tertiary  sediments.  The  crystalline  oldland 
is  pre-Mississippian  and  is  intruded  with  nu- 
merous dikes  and  sills.  The  Triassic  section  is 
exposed  along  the  southeast  and  northwestern 
banks  of  the  Bay  of  Fundy,  and  can  be  traced  by 
topographic  methods  southwesterly  from  the  Bay 
of  Fundy  to  Jeffreys  Bank. 

Johnson  drew  a  parallel  between  the  continental 
cuestas  of  New  Jersey  and  concluded  that  Georges 
Bank  was  a  submarine  continuation  of  the  coastal 
plain  cuestas  to  the  southwest;  the  steep  north 
slope  being  the  escarpment  and  the  gentle  outer 
slope  a  dip  slope.  He  considered  the  northwest- 
southeast  ridge  and  trough  topography  on  top  of 


^Upham,  W.,  The  fishing  banks  between  Cape  Cod  and 
Newfoundland.  American  Journal  ol  Science,  3rd  Ser.,  v.  47,  p. 
123.     1894. 

^Goldthwait,  J.  W.,  Physiography  of  Nova  Scotia,  Geologi- 
cal Survey  of  Canada  Memoir.      1924. 

lOThouiet,  J.,  Considerations  sur  la  structure  etlagenese 
des  bancs  de  terre-neuve.  Bulletin Societe deCeographique,  7e 
series,  v.  10,  p.  203.    1889. 

"Shaler,  N.  S.  (1893),  see  note  7. 

'^Upham,  W.  (1894),  see  note  8. 

'^Barren,  J.,  Factors  in  the  movements  of  the  strand 
line  and  their  results  in  the  Pleistocene  and  post-Pleistocene. 
American  Journal  of  Science,       4th    ser.,    v.     40,    p.   17.     1915. 

'''Johnson,  D.  W.  (1925),  see  note  3  at  265-314. 


FIG.  7.— Diagram  of  towing  arrangement  for  magnetometer 
and  Seismic  Reflection  Profiler  showing  nature  of  subbottom 
reflections  for  the  latter. 


Georges  Bank  to  be  the  result  of  subaerial  river 
erosion  and  believed  that  the  deep  portion  of  the 
gulf  was  the  product  of  mature  river  erosion. 
Significant  to  this  discussion,  Johnson  also  con- 
cluded that: 

1.  The  present  Maine  coastline  is,  according  to 
his  own  physiographic  classification,  of  recent 
submergence  (within  the  last  4,000  to  5,000  years). 

2.  Platts  and  Jeffreys  Banks  and  Fippennies  and 
Cashes  Ledges  are  subordinate  cuestas  parallel 
to  the  major  cuesta. 

3.  A  great  fault  -line  scarp  marks  the  north- 
western boundary  of  the  Triassic  Lowland,  af- 
fecting the  coastline,  causing  it  to  be  rectilinear. 
This  Fundian  Fault  complex  can  be  traced  almost 
as  far  southwest  as  Boston  Bay. 

4.  Pointing  out  that  the  east  coast  of  the  United 
States  north  of  New  York  is  one  of  submergence 
and  that  the  coastline  south  of  New  York  is  one  of 
emergence,  "An  apparently  reliable  minimum 
measure  of  the  depth  of  submergence  off  New 
England,  more  than  1,200  feet,  is  based  on  the 
depth  of  the  floor  of  the  submerged  Gulf  of  Maine 
Lowland."'-^ 

5.  There  has  been  coastal  stability  during  the 
last  4,000  to  5,000  years. 

6.  The  edge  of  the  New  England -Acadian  con- 
tinental shelf  is  unrelated  to  the  traditional  depth 
of  100  fathoms,  being  for  the  most  part  lower, 
but  progressively  deepens  as  one  travels  north- 
eastward. 

7.  So-called  fjords  of  Maine  and  Nova  Scotia  are, 
for  the  most  part,  drowned  normal  river  valleys. 

'^Id.  at  312. 


8.  The  area  of  the  Gulf  of  Maine  is  folded,  with 
the  fold  axes  parallel  to  the  northeast- southwest 
trend  characteristic  of  the  Appalachian  Province, 
of  which  New  England  and  Acadia  form  the  north- 
eastern section.  The  old  rocks  are  folded  more 
tightly  than  the  younger  rocks,  and  northeast- 
southwest  lineaments  are  caused  by  folds,  faults, 
resistive  strata,  sills,  and  ice  movement. 

9.  The  Bay  of  Fundy  has  persisted  since  the 
Cambrian  as  a  subsiding  geosyncline,  recently 
rejuvenated. 

10.  Cuestas  of  Georges  Bank  are  covered  with 
terminal  moraine  debris,  but  extensive  glacial 
bulldozing    did  not  occur. 

11.  In  general,  the  New  England- Acadian  shore- 
line is  little  affected  by  glacial  erosion  though 
profoundly  affected  by  glacial  deposition,  in- 
cluding terminal  moraines,  outwash  plains,  and 
drumlins,  with  fluvioglacial  delta  plains,  kames 
and  eskers. 

12.  The  Outer  Banks  are  made  up  of  Late  Mio- 
cene or  Pliocene  sediments,  with  a  northwest- 
southeast    shoal  pattern  due  to  stream  erosion. 

13.  Marine    eroded    benches    are   nonexistent. 

Shepardie  attacked  one  of  Johnson's  best  docu- 
mented conclusions,  namely,  that  the  eastern  por- 
tion of  the  Maine  coast  was  formed  by  faulting. 
He  also  presented  evidence  i7  that  the  coast  was 
formed  by  glaciation,  which  also  formed  the  Bay 
of  Fundy,  and  insisted  that  there  was  no  evidence 
for  a  main  fault  in  the  northwest  side  of  the  Bay 
of  Fundy,  but  that  a  series  of  minor  faults  may 
form  a  fault  zone.  Shepard's  later  expanded  his 
glaciation  theories  to  include  the  genesis  of  the 
Gulf  of  Maine  by  glaciation  and  also  assigned  the 
origin  of  Georges  and  Browns  Banks  to  glaciation. 
He  observed  that  the  north  slope  of  Georges  Bank 
has  a  complex  origin,  involving  initiation  by  sub- 
aerial  erosion,  modification  and  enlargement  by 
glacial  erosion,  and  aggradation  by  glacial  outwash 
at  the  ice  contact.  In  his  Georges  Bank  paper, 
Shepard  postulated  the  following  sequence  of 
events:  Uplift  was  follov/ed  by  stream  erosion  in 
the  gulf  m  seaward  dipping  strata  followed  by 
submergence.  Glaciation  scooped  out  the  gulf 
while  the  rising  of  glaciers  continued  until  they 
spilled  over  the  top  of  Georges  Bank  and  built  up 
the  surface  into  a  morainal  ridge  which  was  at 
times  above  present  sea  level.  The  outer  conti- 
nental shelf  was  than  aggraded  by  stream  sedi- 
ments from  melting  ice.  Glaciers  eventually 
retreated  and  sea  level  rose,  reshaping  the  mo- 
rainic  ridge,  including  Sable  Island,  which,  as 
Shepard   points  out,  has  been  isolated  from  the 


^^Shepard,  F.  P.,  Fundian  faults  or  Fundian  glaciers. 
Geological    Society   ol   America  Bulletin,     v.    41,    p.    859.     1930. 

^^Shepard,  F.  P.,  Glacial  troughs  of  the  continental  shelves. 
Journal  of  Geology,  v.  39,  no.  4,  p.  345.     1931. 

iSShepard,  F.  P.  (1934),  see  note  4. 


mainland  for  a  short  time  only,  since  it  is  made 
entirely  of  sand  and  has  the  same  flora  as  the 
mainland. 

Murray  -9  published  a  report  with  231  cross 
sections  in  the  western  part  of  the  Gulf  of  Maine. 
The  cross  section  contained  subbottom  data  as 
revealed  by  the  first  recording  fathometer  used 
by  the  Coast  Survey,  the  British  Veselkari.  Chad- 
wick  interpreted  the  data  presented  by  Murray  as 
suggesting  that  the  "bottom  ice-flov/  in  the  gulf 
formed  a  great  eddy  crowding  around  from  the  Bay 
of  Fundy  on  the  northeast  against  Boston  (Stell- 
wagen  Bank)  and  Cape  Cod,  finally  to  escape  at  the 
southeast  by  'Northeast  Trough'  east  of  Georges 
Bank  ...  ."20  Subsequent  to  Chadwick's  paper, 
little  has  been  published  concerning  the  geology 
of  the  floor  of  the  gulf. 

On  the  basis  ofgeomorphic  evidence,  Koons2i 
concluded  that  the  Bay  of  Fundy  was  largely 
structural  in  origin,  pointing  out  the  faults  which 
bound  the  Triassic  Lowland  of  the  Bay  of  Fundy 
and  generally  supporting  Johnson's  hypotheses. 
This  rejuvenated  the  controversies  regarding  the 
origin  of  the  Bay  of  Fundy,  with  Shepard  22  sup- 
porting the  glacial  hypothesis  and  Koons  further 
entrenching  in  the  fault  theory.  23  Webb  24  sug- 
gested that  many  of  the  major  faults  flanking  the 
Bay  of  Fundy  in  Southern  New  Brunswick  are 
typically  strike-slip  types  with  left  lateral  move- 
ment predominating. 

Bloom  25  reported  that  the  metamorphic  rocks 
of  the  western  Gulf  of  Maine  area  are  charac- 
terized by  steep  dips  with  a  consistent  northeast 
strike.  Their  age  is  unknown,  and  include  such 
rock  types  as  argillite,  phyllite,  schist,  and  gneiss. 
One  of  the  more  important  units  of  this  group  is 
the  Kittery  Formation,  a  rhythmically  bedded 
sequence  of  light  and  dark  colored  siliceous 
argillites  with  isoclinal  folds  that  plunge  gently 
to  the  northeast.  Bloom  also  stated  that  in  south- 
western Maine,  although  the  ice  moved  south- 
easterly, the  topographic  grain  remained  north- 
east—controlled by  the  structural  strike.  Ring 
dikes  and  stocks  can  be  delineated  topographical- 
ly, suggesting  a  lack  of  major  regional  altera- 
tion of  the  landscape  by  glacial  erosion. 


'^Murray,  H.  W.  (1947),  see  note  5. 

20chadwick,  G.  H.  (1949),  see  note  6. 

2iKoons,  E.  D.,  Origin  of  the  Bay  of  Fundy  and  associated 
submarine  scarps.  Journal  of  Gemorphology,   v.  4,  p.  237.     1941. 

22shepard,  F.  P.,  The  origin  of  the  Bay  of  Fundy,  a  reply. 
Journal  of  Gemorphology,    v.  5,  p.   137.   1942. 

23Koons,  E.  D.,  Origin  of  the  Bay  of  Fundy,  a  discussion. 
Journal  of  Gemorphology,  v.  5,  p.  143.   1942. 

2''Webt,  G.  W.,  Occurrence  and  exploration  significance 
of  strikeslip  faults  in  southern  New  Brunswick,  Canada. 
American  Association  of  Petroleum  Geologists  Bulletin,  v.  47, 
no.  11,  p.  1904.    1963. 

25Bloom,  A.  L.,  Late  Pleistocene  changes  in  sea  level  in 
southwestern  Maine.  Yale  University,  Department  of  Geology, 
New  Haven.    1959. 


Roberson,  26  found  the  top  of  the  Cretaceous 
to  be  about  1,312  feet  below  sea  level  on  the 
continental  slope,  as  aresultof  seismic  reflection 
profiling  of  Oceanographer,  Gilbert,  and  Lydonia 
Canyons,  coupled  with  data  of  dredge  samples.  27 
Seismic  reflection  profiles  of  Hydrographer  Can- 
yon in  1961  by  the  Coast  and  Geodetic  Survey  ship 
Explorer  show  the  sedimentary  nature  of  the  banks 
to  consist  of  flat  or  nearly  flat  strata  and  in  part 
corroborate  the  findings  of  Roberson,  The  Ap- 
palachian Province  type  of  geology  was  reported 
to  extend  to  the  eastern  seaboard  of  Canada  under 
the  Gulf  of  St.  Lawrence.  28 .  It  is  possible  that 
Johnson  29  and  Chadwick^o  placed  excessive  em- 
phasis on  southwesterly  ice  movement,  and  neg- 
lected the  importance  of  the  southeasterly  ice 
movement. 

BEDROCK  MORPHOLOGY 

Contours  of  the  top  of  the  Gulf  of  Maine 
bedrock  were  drawn  using  data  derived  from 
the  seismic  reflection  profiling (sparker) records 
in  the  form  of  thickness  of  unconsolidated  sedi- 
ments. These  thicknesses  were  calculated  using 
a  sound  velocity  of  5,500  feet  per  second.  This 
velocity  was  used  after  a  consideration  of  some  of 
the  velocities  calculated  in  the  area  of  the  gulf. 
Direct  correlation  with  well  records  in  Manhasset 
Bay  revealed  a  speed  of  5,500  feet  per  second,  ^i 
A  velocity  of  5,500  feet  per  second  seems  rea- 
sonable, considering  the  sound  velocities  reported 
by  Officer  and  Ewing:  ^2 


Sound  veloc 

itv 

Profile  No. 

in  feet/secc 

)nd 

Location 

47 

5,490 

South  of  Halifax,  Nova  Scotia 

63 

5,510 

Near  Browns  Bank 

65 

5,570 

Near  Browns  Bank 

49 

5,320 

South  of  Halifax,  Nova  Scotia 

66 

5,690 

Georges  Bank 

26Roberson,  M.  I.,  Continuous  seismic  profiles  survey  of 
Oceanographer,  Gilbert,  and  Lydonia  submarine  canyons, 
Georges  Bank.  Journal  ol Geophysical  Research,  v.  69,  no.  22, 
p.  4779.     1964. 

2'7 Stetson,  H.  C.,  Bedrock  from  the  continental  margin  on 
Georges  Bank.  American  Geophysical  Union,  Transactions,  pt.  1, 
p.  226.  1935.  Geology  and  paleontology  of  the  Georges  Bank 
canyons,  pt.  1,  geology.  Geological  Society  of  America  Bulletin, 
v.  47,  no.  3,  p.  339.  1936.  The  sediments  and  stratigraphy  of 
the  east  coast  continental  margin:  Georges  Bank  to  Norfolk 
Canyon.  Massachusetts  Institute  ol  Technology  and  \\/oods  Hole 
Oceanographic  Institution  Papers  in  Physical  Oceanography  and 
Meteorology,      v.   11,  no.  2,  p.   1.     1949. 

28Dainty,  A.  M.,  Ewing,  G.  N.,  Blanchard,  J.  E.,  and  Keen, 
M.  J.,  Seismic  studies  within  the  Appalachian  system  on  the 
eastern  seaboard  of  Canada.  American  Geophysical  Union, 
Transactions,     v.  46,  no.  1,  p.  106  (abstract).     1965. 

29johnson,  D.  W.  (1925),  see  note  3. 

30chadwick,  G.  H.  (1949),  see  note  6. 

3iSmith,  W.  O.,  and  Upson,  J.  E.,  Preliminary  report  of 
the  Passamaquoddy  bedrock  survey,  U.S.  Geological  Survey, 
Water  Resources  Di\-ision,  1951.  Smith,  W.  O.,  Recent  under- 
water surveys  using  low-frequency  sound  to  locate  shallow 
bedrock.  Geological  Society  of  America  Bulletin,  v.  69,  p.  69. 
1958. 


Thicknesses  were  determined  from  the  record 
at  1 -minute  intervals,  or  every  1,200  feet,  and  at 
maximums  and  minimums.  These  values  were 
transferred  to  a  1:60,000  scale  polyconic projec- 
tion. In  order  to  construct  depth-to-bedrock 
contours  (depth  below  sea  level),  the  sediment 
thicknesses  were  added  to  the  bathymetric  depth. 
Inasmuch  as  the  subbottom  data  were  retrieved 
300  feet  behind  the  ship  and  450  feet  behind  the 
sonic-depth  finder  transducer,  the  isopachous 
data  were  shifted  450  feet  on  the  record  to 
compute  the  total  depth  to  the  bedrock.  This 
is  considered  more  accurate  than  using  the 
water  depth  from  the  seismic  profiling  records 
because  the  spark  source  and  array  are  not  rigidly 
controlled  for  depth  below  the  surface.  Further- 
more, depths  entered  on  the  smooth  sheet  were 
corrected  for  temperature  and  salinity.  Sounding 
data  in  some  cases  were  difficult  to  contour  be- 
cause the  track  lines  were  too  widely  spaced  to 
develop  the  trends  of  the  bottom  grain.  In  this 
regard  the  bedrock  morphology  was  easier  to  con- 
tour because  the  lows  and  highs  were  more  con- 
tinuous than  the  partially  buried  sea-floor  surface. 

Certain  trends  were  revealed  by  the  bedrock 
contours  (fig.  8  in  pocket).  A  N.55°E.  trend  is 
evident  along  the  scarp  near  the  Bay  of  Fundy, 
which  Johnson  assigned  to  faulting  and  Shepard 
believed  to  be  the  result  of  glaciers  traveling 
southwesterly  out  of  the  Bay  of  Fundy.  This  same 
N.55°E.  trend  also  dominates  the  contours  in  the 
area  of  complexity  extended  southwestward  from 
the  eastern  part  of  Grand  Manan  Island.  Through- 
out the  remainder  of  the  area  surveyed,  the  trend 
of  the  bedrock  contours  is,  proceeding  from  north 
to  south,  N.30°E.  to  N.80°E.  Another  lineament 
of  the  bedrock  contours  is  a  rather  consistent 
S.60°E.  trend  in  the  form  of  larger  troughs, 
widely  spaced,  crossing  the  grain  of  the  general 
bedrock  contours  almost  at  right  angles.  Still 
another  system  of  lineaments  trending  north- 
south  appears  in  the  low  undulating  central  por- 
tion of  the  survey  area. 

MAGNETIC  FIELD 

The  total  magnetic  field  data  are  represented 
by  isomagnetic  lines  (fig.  9,  in  pocket).  Several 
northeast  trending  rectilinear  areas  of  high 
magnetic  values  are  brought  out  sharply  on  the 
map.  One  large  circular  pattern  of  high  magnetic 
values  appears  in  the  northwestern  section  of  the 
map.  This  same  pattern  is  present  on  the  bed- 
rock and  isopachous  maps.  The  southern  part  of 
the    circular   pattern    is    well  defined  by  strong 


^2officer,  C.  B.,  and  Ewing,  M.  W.,  The  continental  shelf, 
continental  slope,  and  continental  rise  south  of  Nova  Scotia, 
pt.  7  of  geophysical  investigations  in  the  emerged  and  sub- 
merged Atlantic  Coast  Plain.  Geological  Society  ol  America 
Bulletin,    V.  65,  no.  7,  p.  653.     1953. 


positive  anomalies,  but  the  northern  section  is 
represented  by  isolated  anomalies.  This  feature 
is  9  miles  in  diameter,  measured  from  the  outer 
circumference  of  the  magnetic  anomalies.  The 
circular  anomaly  and  seven  rectilinear,  en  echelon 
anomalies  dominate  the  magnetic  field  map,  but 
close  observation  reveals  three  categories  in 
which  the  isomagnetic  data  fall.  One  is  the  severe 
en  echelon  and  circular  anomalies;  another  is  the 
very  gentle  magnetic  areas  throughout  the  central, 
eastern  portion  of  the  map.  A  third  type  of  mag- 
netic value  pattern  exists  over  most  of  the  northern 
portion  of  the  map,  in  the  far  southeast  corner, 
and  in  that  portion  of  the  map  which  seems  to  be 
a  southwestern  extension  of  the  Grand  Manan 
Island  shoal  complex. 

Isomagnetic  lines  are  plotted  at  a  100  gamma 
interval,  except  where  this  interval  is  too  close; 
then  a  500  gamma  spacing  is  employed.  Values  are 
of  the  total  magnetic  field,  including  all  the  vectors 
of  the  earth's  magnetic  field.  Anomalies  are  of 
such  a  large  magnitude  and  so  well  defined  on 
the  map  that  the  local  magnetic  gradient  was  not 
subtracted  from  the  data  to  produce  a  residual 
map. 

BATHYMETRIC  MAP 

The  hydrographic  data  are  represented  on  the 
bathymetric  map  (fig.  10,  in  pocket)  by  depth 
curves  using  a  10-fathom  interval.  The  echo 
soundings  were  adjusted  for  tide  and  velocity  of 
sound  in  sea  water.  The  datum  is  mean  low  water. 

A  comparison  of  the  bathymetric  and  bedrock 
maps  brings  out  the  masking  effect  that  the  recent 
sediments,  accumulating  in  the  depressions  by 
redeposition,  has  had  on  the  bedrock.  This  dif- 
ference is  somewhat  exaggerated  in  appearance 
because  a  closer  contour  interval  (20  feet)  was 
used  on  the  bedrock. 

The  morphology  of  the  bedrock  guided  the  inter- 
pretive contouring  of  the  bathymetric  sounding 
data.  Because  many  features  of  the  bedrock  do 
not  outcrop  above  the  sea  floor,  more  clues  were 
contained  in  the  bedrock  data  than  in  the  sounding 
data  for  discovering  the  true  morphological  grain. 

ISOPACHOUS  MAP 

The  isopachous  map  (fig.  11,  in  pocket)  was 
constructed  not  so  much  to  aid  the  geological  inter- 
pretation of  the  bedrock  geology  but  as  a  service 
to  those  neighborhoodsof  the  scientific  community 
which  can  make  use  of  the  data  of  horizontal  and 
vertical  distribution  of  unconsolidated  sediments, 
and  the  areas  of  submarine  bedrock  outcrop  out- 
lined concomitantly.  Some  of  these  users  include 
the  Navy,  commercial  fisheries  (federal  and 
private),  public  health,  and  the  various  groups 
concerned  with  offshore  engineering  problems. 
Offshore    engineering   will    continue    to    grow  in 


importance  as  the  United  States  attempts  to 
answer  its  economic  mandate  handed  down  by  the 
1958  Geneva  Convention's  definition  of  the  con- 
tinental shelf. 

The  isopachous  map  was  constructed  by  the 
data  originally  taken  from  the  seismic  reflection 
records  using  a  sound  propagation  velocity  of 
5,500  feet  per  second,  and  contoured  at  20-foot 
intervals.  The  resolution  offered  by  the  sub- 
bottom  profiler  of  5-10  feet  was  not  sufficient  to 
map  in  detail  the  areas  of  bare  rock  outcrop, 
though  there  are  doubtless  many  areas  of  exposed 
bedrock  in  the  area  of  study  within  the  20-foot 
isopachous  contour  line.  The  thickest  sediment 
accumulation  appearing  on  the  map,  located  at 
44°10'  N.,  67°50'  W.,  exceeded  260  feet.  Of  102 
cores  taken  during  this  survey,  using  a  Phleger 
corer,  at  only  one  site  (approximately  43°48'  N., 
68°45'  W.,)  was  the  bottom  found  to  be  sediment 
free.  Three  attempts  at  this  location  resulted  in 
as  many  broken  core  barrels.  Apparently  the 
gross  sedimentary  mechanism  active  in  this  por- 
tion of  the  Gulf  of  Maine  is  one  of  basin  filling 
both  directly  and  by  redistribution  from  the  sub- 
marine topographic  highs.  The  sediments  present 
on  the  submarine  topographic  highs  are  in  an  un- 
stable position.  They  were  either  accumulated 
there  under  different  than  prevailing  conditions 
(such  as  higher  sea  level)  and  are  awaiting  redis- 
tribution by  the  forces  presently  inaction,  or  they 
were  laid  down  under  these  secular  influences  and 
are  awaiting  some  relatively  catastrophic  event 
(such  as  a  great  storm)  to  remove  them  to  the 
areas  of  depression.  The  processes  of  accumula- 
tion and  redistribution  make  it  difficult  to  as- 
sign importance  to  any  calculation  of  the  total 
volume  of  sediments  in  the  area  of  study. 

SUMMARY 

Magnetic  Field 

The  most  striking  features  of  the  total  field  iso- 
magnetic map  are  the  several  strong,  rectilinear, 
northeast-trending,  positive  anomalies,  and  the 
large  circular  anomaly.  There  is  little  doubt 
that  these  represent  intrusives.  Steep  magnetic 
gradients  on  either  side  of  the  anomalies  suggest 
vertical  dips.  Although  the  intrusives  are  parallel 
to  the  structural  grain,  they  must  be  dikes  rather 
than  sills  in  view  of  the  apparent  steep  dip  of  the 
intrusives  in  otherwise  low  dipping  country  rock. 
Dikes  are  alined  with  a  projection  of  the  Fundian 
fault  complex  and  were  probably  intruded  between 
the  planes  of  this  fault  system.  Powers 33  and 
Koons34  observed  that  on  the  northwest  and  south- 
east shore  of  the  Bay  of  Fundy  large  faults  flank 

33powers,  S.,  The  Acaaian  Triassic,  Journal  ot  ueoiogy,  v. 
24,  pp.   1,  105,  254.    1916. 

34Koons,  E.  D.  (1941),  see  note  21. 
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all  Triassic-non-Triassic  contacts.  Split  Rock, 
Quaco,  and  Martins  Head  are  three  small  out- 
crops on  the  northwestern  shore  of  the  Bay  of 
Fundy;  they  are  bounded  in  each  case  by  normal 
faults.  The  western  part  of  Grand  Manan  Island 
is  formed  by  Triassic  rocks,  faulted  on  the  east 
and  on  the  west.  Likewise  Triassic  rocks  which 
outcrop  along  the  southeastern  shore  of  the 
Bay  of  Fundy,  forming  White  Mountain  and  the 
train  of  elongate  islands  to  the  southwest,  are 
severed  from  the  crystalline  rocks  of  Nova  Scotia 
by  a  large  fault  (fig.  12). 

Of  the  four  faults  extended  southwesterly  from 
the  Bay  of  Fundy  across  the  area  of  this  study, 
three  are  represented  by  dikes.  Apparently,  the 
Fundian  fault  system  is  particularly  susceptible 
to  dike  intrusion.  The  large,  well-defined  positive 
anomaly  with  a  circular  shape  is  interpreted  as  a 
ring  dike.  A  discussion  of  ring  dikes  mapped  in 
New  Hampshire  by  Billings  ^s  and  the  analysis  of 
ring  dikes  mapped  in  southwestern  Maine  by 
Bloom  3^  indicate  that  the  circular  anomaly  closely 
fits  the  description  of  a  typical  ring  dike.  It  is  of 
average  size  and  typically  developed  around  180° 
of  the  circular  arc,  with  isolated  anomalies  the 
cause  of  which  probably  is  due  to  the  source  rocks 
not  projecting  completely  through  the  bedrock. 
These  appear  on  the  less  sharply  defined  northern 
half  of  the  circle.  This  ring  dike  suggests  a  shal- 
low intrusive  body  of  large  magnitude,  active  dur- 
ing the  time  of  Triassic  basin  formation,  but  it 
most  probably  belongs  to  the  family  of  thousands 
of  dikes  which  have  been  mapped  in  New  Hampshire 
and  Maine  in  the  older  Paleozoic  crystalline  and 
metamorphic  rocks. 

The  rectilinear  en  echelon  dikes  are  a  different 
matter,  Eardley^^  and  Kay^*  noted  that  all 
Triassic  basins  of  deposition  on  the  Atlantic  sea- 
board are  flanked  on  one  or  both  sides  by  faults 
contemporaneous  with  basin  filling.  Inasmuch  as 
dikes  seem  to  have  been  intruded  into  the  Fundian 
fault  system,  their  presence  on  the  sea  floor  at 
sea  should  be  added  to  the  types  of  data  which 
can  be  used  to  trace  the  Fundian  fault  complex  to 
the  southwest.  Johnson,^^  Shepard,'*°  andKoons^i 
covered  more  than  adequately  the  topographic  ev- 
idence for  extending,  or  not  extending,  the  fault  to 
the  southwest.  Using  the  data  of  the  present  study, 
the  obvious  lithologic  break  shown  on  the  bedrock 
and  magnetic  contour  maps  which  coincides  with 

35Billings,  M.  P.,  Mecnanics  of  igneous  intrusion  in  New 
Hampshire.   American  Journal  of  Science,  v,  243-A,  p.  40.     1945^ 

•^fiBloom,  A.  L.  (1959),  see  note  25. 

^^Eardley,  A.  J.,  Structural  geology  of  North  America. 
Hatperand  Row.  New  York,  743  pp.  1964. 

38Kay,  M.,  North  American  geosynclines.  Memoir  48, 
Geological  Society  ol  America,    New  York.     1951. 

39johnson,  D.  W.  (1925),  see  note  3. 

''Oshepard,  F.  P.  (1931),  see  note  17  and  St.  Laurence 
(Cabot  Strait)  submarine  trough.  Geological  Society  of  America 
Bulletin,  V.  42,  No.  4,  p.  853.     1931. 

''iKoons,  E.  D.  (1941),  see  note  21. 


the  submarine  topographic  scarp  can  be  added  to 
the  evidence.  Several  track  lines  were  made  by 
the  Explorer  while  running  between  Boston  and  the 
survey  area.  A  few  magnetometer  tracklines 
were  made  just  north  of  Three  Dory  Ridge. 
Murray  42  shows  Three  Dory  Ridge  as  an  area  of 
very  uneven  topography  and  free  of  sediment. 
Positioning  the  extension  of  the  Fundian  fault  near 
Three  Dory  Ridge  is  in  corroboration  of  the 
seismic  refraction  data  of  Drake,  Worzel  and 
Beckman^s  which  show  four  control  points  for 
delimiting  the  Triassic  basin  sediments  on  the 
evidence  of  travel  time  variations.  Their  re- 
versed profiles  are  shown  on  fig  12.  Another 
northeast-trending  elongate  shoal  at  43°  36'  N., 
and  68°  55'  W.,  is  possibly  analogous.  It  shows 
a  strong  positive  magnetic  anomaly  and  occurs 
just  off  the  west  end  of  the  area  of  detailed  study. 
A  second  type  of  contour  pattern  exhibited  by 
the  magnetic  data,  probably  representing  a  litho- 
logic type,  is  the  northeast-trending  areas  of 
gentle  highs  and  lows.  A  third  contour  pattern 
probably  reflecting  a  rock  type  is  the  area  of  very 
gentle  gradient  labeled  as  Triassic  sediments  on 
the  geologic  map  (fig.  12).  Three  types  of  lithology 
are  easily  distinguished  on  the  magnetic  contour 
map.  Type  two  (probably  tightly  folded  meta- 
morphic and  crystalline  rocks  of  Paleozoic  age) 
is  separated  from  type  three  (probably  Triassic 
sediments)  by  type  one  (dikes)  in  three  out  of  four 
contacts  in  the  study  area,  andthe  lone  exception, 
in  the  lower  southeastern  corner  of  the  survey 
area,  lacks  sufficient  magnetic  data  to  reveal  if 
type  one  lithology  is  present  or  absent. 

Bedrock  Morphology 

In  contouring  the  top  of  the  bedrock  it  was  ap- 
parent that  the  survey  lines  were  not  spaced  suf- 
ficiently close  to  insure  that  the  northeast  trend 
actually  dominated  the  morphology  as  portrayed. 
The  general  contouring  philosophy  was  to  favor 
a  northeast-trending  interpretation  from  a  con- 
sideration of  the  regional  geology  whenever  the 
data  were  too  sparse  to  be  absolutely  definitive. 
Contoured  magnetic  data  support  the  bedrock 
contouring  procedure  used.  Theringdike,  clearly 
shown  by  the  isomagnetic  map,  was  not  recognized 
on  the  bedrock  contour  map.  A  closer  examina- 
tion, however,  reveals  this  circular  feature  in  the 
bedrock.  This  suggests  that  no  remnant  of  the 
folded,  northeast  striking  Paleozoic  country  rock 
remained  intact  after  the  intrusion  took  place, 
probably  in  pre-Mississippian  time. 44 

42Murray,  H.  W.  (1947),  see  note  5. 

43Drake,  C.  L.,  Worzel,  J.  L.,  and  Beckman,  W.  C,  Gulf 
of  Maine,  pt.  9  of  geophysical  investigations  in  the  emerged 
and  submerged  Atlantic  Coastal  Plain,  Geological  Society 
of  America  Bulletin,      v.  65,  no.   10,  p.  957.     1954. 

44chapman,  C.  A.,  and  Wingard,  P.  S.,  Physical  control 
and  age  of  dike  formation  in  the  Maine  coastal  region.  Geo- 
logical Society  of  America  Bulletin,    V.  69,  no.  9,  p.  1193.     1958. 


11 


71  ° 


70° 


69° 


68° 


67° 


66° 


FIG.    12.— Generalized  bathymetric  and 
the  northeastern  portion  of  the  gulf. 
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13.— Generalized  geologic  cross  section  of  the  eastern  portion  of  the  Gulf  of  Maine.    Line  of  the  section  shown  on  fig- 


Two  types  of  lithology  are  easily  recognized  on 
the  bedrock  contour  map:  the  tightly  folded  crys- 
talline Paleozoics,  and  the  more  open  contours 
apparently  representing  the  top  of  the  Triassic 
sediments  of  the  Lowland,  The  sharp  rectilinear 
contact  between  the  crystallines  and  the  Triassic 
sediments  probably  marks  the  submarine  outcrop 
of  the  Fundian  fault  (fig.  13). 

On  the  northeast  and  northwest  sides  of  the 
ring  dike  structure,  the  contours  of  the  bedrock 
morphology  map  depart  from  the  northeast  trend. 
These  troughs  appear  to  be  the  result  of  the  ring 
dike  which  altered  the  drainage  system  from 
consequent  to  subsequent  flow.  In  other  areas  the 
contours  depart  from  the  northeast  trend,  which 
strongly  suggests  old  drainage  patterns,  followed 
by  glaciation.  A  decided  trough  directed  south- 
westerly along  the  main  fault  trace  swings  south- 
ward and  then  appears  to  have  been  deflected 
westward  around  the  dike-flanked  crystallines  in 
the  central,  eastern  portion  of  the  area.  The 
trough  can  be  traced  southward  as  far  as  43" 
32'  N.,  at  which  point  a  junction  in  the  drainage 
pattern  appears  to  exist.  Another  stream,  or 
river,  apparently  drained  the  Bay  of  Fundy 
Triassic  Lowland  south  of  Grand  Manan  Island 
and  enters  the  area  of  the  survey  at  its  eastern 
margin  at  43°  48'  N.  Here  the  drainage  trends 
southwestward,  and  is  likewise  deflected  westward 
around  the  crystalline  rocks,  marking  the  southern 
edge   of   the  Triassic  basin  in  the  southeastern 


corner  of  the  survey  area.  A  string  of  bedrock 
depressions  can  then  be  followed  westerly  out  of 
the  area  of  the  detailed  study.  The  drainage  pat- 
tern is  interpreted  as  two  subsequent  streams 
draining  the  Triassic  Lowland  of  the  Bay  of  Fundy 
with  their  consequent  tributaries  trending  south- 
easterly. Departure  from  this  consequent  pattern 
is  caused  by  dikes  and  other  structural  ridges  de- 
flecting the  stream  pattern  southwesterly. 

To  what  extent  the  northeast  corner  of  the  Gulf 
of  Maine  has  been  glaciated  is  difficult  to  ascer- 
tain, even  with  detailed  data.  The  strong  north- 
east structural  trend,  including  folds,  faults,  dikes, 
and  cuestas  present  on  the  floor  of  the  Gulf  of 
Maine,  is  apparently  only  accentuated  by  glacial 
action,  if  the  findings  of  Bloom^s  mentioned  earlier 
can  be  applied  to  the  submerged  gulf.  Probably 
the  strongest  evidence  that  glaciation  played  an 
important  role  in  the  formation  of  the  Gulf  of 
Maine,  other  than  a  consideration  of  its  high 
latitude,  is:  (1)  The  gulf  is  a  closed  depression, 
and  (2)  the  outer  banks  have  1,000  feet  of  uncon- 
solidated glacial  debris  covering  them.^e 

The  drainage  network  is  composed  of  a  series 
of  closed  depressions,  rather  than  continuously 
deepening  troughs.  This  suggests  glaciation,  and 
is  probably  the  best  evidence  presented  by  micro- 
relief  data  for  localized  glacial  scour.    Although 


45Bloom,  A.  L.,  (1959),  see  note  25. 
t^Drake,  C.  L.,  et  al.  (1954),  see  note  43. 
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coarse  material  occupying  the  thalwegs  could 
easily  be  mistaken  for  bedrock  by  acoustical 
probing,  numerous  depressions  are  the  rule  rather 
than  the  exception,  and  probably  exist  in  nature. 

The  two  deepest  depressions  shown  on  the  bed- 
rock map  occur  along  the  major  thalweg.  They 
originate  in  the  northeast  corner  of  the  map  and 
leave  the  map  at  its  far  southwest  corner.  On  the 
map,  the  deepest  has  a  closing  depth  curve  of  1,080 
feet  at  43°  23'  N.,  and  67°  45'  W.,  but  the  next 
deepest  depression,  with  a  depth  curve  of  940  feet, 
occurs  at  44°  13'  N.,  and  67°  25' W.,  much  farther 
north  along  the  thalweg.  The  location  of  this 
second  deepest  depression  strongly  suggests  gla- 
cial deepening,  and  the  depression  is  oriented  al- 
most due  north  and  south.  Most  of  the  closed  de- 
pressions occur  in  the  Triassic  basin  area  and 
have  a  northeast-southwest  orientation,  but  this 
trend  was  favored  over  other  trends  in  the  me- 
chanics of  contouring.  Therefore,  the  exact  trend 
of  many  of  the  smaller  depressions  is  uncertain. 
Many  north  and  south  trending  depressions  were, 
however,  contoured  with  good  control  in  the  softer 
sediments  of  the  Triassic  lowland.  This  north-to- 
south  direction  probably  represents  the  direction 
of  flow  of  the  drainage  system  resulting  from  a 
southeast  slope  with  northeast  striking  ridges. 
Thus,  the  consequent- subsequent  streams  are 
postulated  to  have  a  resulting  vector  sum  of  south- 
ward flow.  Ice  moving  southeasterly  (for  which 
there  is  much  evidence,  as  in  Johnson t?)  could 
easily  be  deflected  by  a  preexisting  drainage 
topography  to  turn  southward  in  local  areas.  Only 
one  area  of  the  bedrock  morphology  map  has 
southeast-trending  contours.  This  occurs  on  the 
inset  map  west  of  68°  30'  W.  These  contours 
must  be  considered  with  suspicion.  In  the  south- 
east corner  of  the  inset  map  the  tracklines  are 
more  widely  spaced,  possibly  too  widely  spaced  to 
develop  the  complex  bedrock  surface.  However, 
this  area  with  comparatively  open  contours  re- 
sembles the  Triassic  basin  type  of  contour  pattern 
and  probably  belongs  south  of  the  main  Fundian 
fault.  The  southeasterly  trend  may  represent  the 
only  example  of  uncomplicated  consequent 
drainage  which  entrenched  itself  on  the  i:.egional 
southeastern  tilt. 

Regarding  the  extent  to  which  bedrock  depres- 
sions have  been  filled  by  recent  sediment,  almost 
all  depressions  in  the  bedrock  are  represented 
by  more  subdued  depressions  on  the  sea  floor  be- 
cause of  recent  sedimentation.  The  ease  with 
which  the  recent  sediments  of  the  Gulf  of  Maine 
are  penetrated  acoustically  was  realized  as  early 
as  1940.  ''8  Penetrability  of  the  sediments  under 
conditions  of  low  signal-to-noise  ratio  owes  its 
cause  to  the  acoustic  transparency  of  the  sedi- 
ments and  the  freshly  polished  bedrock  which  lies 

47johnson,  D.  W.  (1925),  see  note  3. 
''^Murray,  H.  W.  (1947),  see  note  5. 


at  rather  shallow  depths  beneath  it.  Thus,  the 
unconformity  represents  an  excellent  acoustical 
reflecting  surface  between  the  Recent  sediments, 
which  have  a  velocity  averaging  5,500  feet  per 
second,  and  the  Triassic  slates  with  a  velocity  of 
12,000  to  13,000  feet  per  second  and  the  crystal- 
line basement  complex  and  intrusives  of  velocities 
exceeding  17,000  feet  per  second.  49 

CONCLUSIONS 

By  combining  the  earlier  work  of  Johnson, » 
Shepard,5i  and  Kay^zwith  the  results  of  the  pres- 
ent study,  a  general  geological  history  of  the  ori- 
gin of  the  Gulf  of  Maine  was  developed. 

The  geologic  history  of  the  Gulf  of  Maine  can  be 
best  understood  when  it  is  realized  that  its  forma- 
tion follows  the  classic  erosional  development  of 
a  coastal  plain,  complicated  by  subsequent  ice 
sculpturing.  A  young  coastal  plain  is  an  area  of 
the  former  sea  floor  exposed  along  the  margin  of 
an  oldland  area.  In  the  case  of  the  Gulf  of  Maine, 
the  oldland  is  a  peneplaned  and  southeasterly  tilted 
surface  composed  of  pre-Mississippian,  tightly 
folded,  and  intruded  metamorphic  and  crystalline 
rocks.  Upon  this  peneplaned  surface  an  early 
Mesozoic  belt  of  sediments  was  deposited  in  a 
taphrogeosyncline,  or  rift  geosyncline,  repre- 
senting a  belt  of  tilt -block  geosyncline  s  bounded 
on  one  or  both  sides  by  high-angle  faults  extending 
along  the  Atlantic  Coastal  Plain  from  New  Bruns- 
wick to  South  Carolina,  53  xhe  deposits  of  the  rift 
geosyncline  are  Late  Triassic  nonmarine  sedi- 
ments deposited  contemporaneously  with  faulting. 
Also  contemporaneous  with  faulting  on  both  the 
inner  and  outer  rifts  of  the  geosyncline  are  dike 
intrusions  implaced  along  the  rift  fractures. 

Development  of  the  Triassic  rift  geosyncline 
was  followed  by  a  second  peneplanation.  South- 
easterly, or  seaward  tilting  in  the  late  Mesozoic 
and  Cenozoic  was  accompanied  by  deposition  of 
sediments  until  as  late  as  the  Miocene.  Either  a 
regressing  sea  migrated  southeast  of  the  outer 
banks  by  Miocene  times,  or  emergence  exposed 
the  Miocene  surface  to  the  subaerial  environment. 
Streams  began  to  incise  the  new  coastal  plain, 
particularly  seaward  of  the  rock-defended  fall  line 
formed  by  the  juncture  of  the  sediments  of  the 
rift  geosyncline  and  the  oldland. 

Consequent  streams  began  to  form  on  the  Trias- 
sic   Inner    Lowland    and    the  Late  Mesozoic  and 


t^Drake,  C.  L.,  et  al.    (1954),  see  note  43. 

SOjohnson,  D.  W.  (1925),  see  note  3. 

SiShepard,  F.  P.,  Origin  of  Georges  Bankfieological Socie- 
ty of  America  Bulletin,  V.  45,  no.  2,  p.  281.  1933.  Canyons  of 
the  New  England  coast,  American  Journal  of  Science,  5th  ser., 
V.  27,  no.  157,  p.  24.  1934.  See  also  notes  4,  16,  17,  22,  and 
40. 

52Kay,  M.  (1951),  see  note  38. 

53ibid. 


14 


Early  Tertiary  Outer  Lowland.  Consequent 
streams  from  the  slopes  of  the  oldland  extended 
their  courses  across  the  coastal  plain,  and  cuestas 
developed  on  the  southeasterly  dipping  sediments. 
Subsequent  streams  formed  on  the  cuestas  with  a 
tendency  for  southwesterly  drainage.  The  vector 
sum  resulted  in  a  north-south  drainage  pattern 
across  the  Triassic  oldland.  As  cuesta  ridges 
were  formed,  than  breached,  drainage  of  the 
coastal  plain  eventually  found  its  exit  to  the  south- 
east between  Georges  and  Browns  Banks. 

Details  of  erosion  developed  under  these  con- 
ditions were  largely  removed  by  the  advent  of  the 
great  and  final  excavation  of  the  coastal  plain 
during  the  Pleistocene  Epoch.  Predominant  direc- 
tion of  ice  movement  was  southeastward.  The  ice 
moved  down  the  regional  slope,  forming  the  closed 
depression  which  is  the  Gulf  of  Maine  as  well  as 


steepening  the  inner  faces  of  the  great  cuesta  of 
the  outer  banks.  Most  of  the  sediments  were 
carried  beyond  these  banks  to  the  Atlantic  Conti- 
nental Slope  and  Rise. 

The  ice  then  stagnated  and  a  relatively  thin 
veneer  of  till  was  left  on  the  polished  floor  of 
the  Gulf  of  Maine  .  Deposition  of  marine  clays 
has  been  of  minor  consequence  since  that  time. 

Effects  of  glaciation  are  suggested  by  the  bathy- 
metry of  the  Gulf  of  Maine  and  are  exhibited  more 
clearly  by  the  bedrock  morphology.  Faulted 
inliers  of  the  oldland  project  through  the  coastal 
plain  strata.  The  structure  of  the  Inner  and  Outer 
Lowlands  is  abundantly  evident  with  its  northeast 
structural  strike  paralleling  the  strike  resulting 
from  the  initial  dip  of  deposition.  Strings  of  closed 
depressions  mark  glaciation  along  the  river 
drainage  pattern. 


MAPS 

GULF  OF  MAINE 

Total  Intensity  Magnetic  Contour  Map 
Bedrock  Morphology  Map 

Isopachous  Map  Unconsolidated  Sediments 
Bathymetric  Map 
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INTRODUCTION 

On  I  June  1965  the  USC&GS  Ship  PIONEER  sailed  from  San  Francisco, 
California  to  conduct  field  tests  on  the  Navy  Navigation  Satellite 
System,   Tests  were  required  over  a  relatively  large  geographical  area, 
with  datum  checks  at  Kodiak,  Attu,  Midway,  Johnson,  and  Oahu,  and  upon 
return  to  San  Francisco. 

During  the  times  of  passage  of  the  satellite,  the  ship's  facilities 
were  pre-empted  to  conduct  the  requisite  observations;  however,  in 
between  the  satellite  passages,  a  limited  period  was  available  for 
oceanographic  observations.   Accordingly,  a  program  of  bottom  samples, 
bathythermograph  observations,  and  surface  water  samples  was  planned 
on  the  leg  from  Attu  to  Johnson  Island  (Figure  I).  The  bottom  samples 
were  obtained  to  provide  a  westward  supplement  to  the  geological  sampling 
program  being  conducted  in  the  SEAMAP  -  OPR-42 I  area.  The  bathythermo- 
graph observations  were  desired  to  provide  comparative  data  on  the 
thermal  properties  of  the  upper  layers  westward  from  the  area  extensively 
sampled  during  the  SEAMAP  program.  The  surface  water  samples  were 
collected  for  Dr.  L.  I.  Gordon  of  Scripps  Institution  of  Oceanography, 
for  his  studies  of  the  distribution  of  isotopes  of  oxygen. 

COLLECTION  AND  ANALYSES  OF  CORES 

Owing  to  various  operational  problems,  some  of  the  cores  could  not 
be  obtained  and  some  were  obtained  at  locations  slightly  different  from 
those  planned.  However,  the  locations  at  which  the  cores  were  obtained 
are  accurate  to  a  degree  seldom  realized  in  oceanic  sampling. 


Figure  I  shows  the  locations  at  which  the  cores  were  obtained, 
the  depth  of  water  and  the  core  length.   Cores  No.  I  and  2  were 
obtained  using  a  modified  3-1/2"  Hydro-Plastic'  corer  which  was 
operated  with  a  newly  designed  piston  deactivator.   The  piston  de- 
activator was  designed  to  prevent  distortion  of  the  core  by  releasing 
the  piston  before  the  corer  is  withdrawn  from  the  bottom.   Core  No.  3 
was  obtained  by  the  Phleger  corer  used  as  a  pilot  weight  for  the 
release  mechanism  of  the  Hydro-Plastic  corer,  as  the  latter  failed 
to  secure  a  sample  at  this  site.   Following  Core  No.  3,  the  piston 
deactivator  was  inoperative,  and  all  cores  are  from  the  Hydro-Plastic 
corer.   The  three  cores  planned  between  39°N  and  23°N  were  not  obtained 
owing  to  inclement  weather. 

The  cores  were  sectioned  into  approximately  2-meter  lengths  and 
stored  at  a  reduced  temperature  (about  IO°C)  during  the  remainder  of 
the  cruise  and  until  transferred  to  the  ESSA  Institute  for  Oceanography's 
Pacific  Oceanograph i c  Laboratory  for  analyses. 

At  the  Laboratory,  the  cores  were  held  in  a  vertical  position  in 
a  cool  room  (4.5*'C)  until  split,  logged  and  sub-sampled. 

A  macroscopic  and  microscopic  examination  of  each  core  was  conducted 
by  Mr,  Will  Anikouchine.  Size  analyses  of  sub-samples  from  top,  middle, 
bottom  and  at  pronounced  textural  changes  in  the  cores  were  conducted 


I  -  The  Hydro-Plastics  corer  is  a  piston  corer  developed  by  the 
U,  S,  Naval  Oceanographic  Office.   As  originally  designed,  it  used  an 
unsupported  3-1/2"  O.D.  PVC  tube  as  a  core  barrel.   USC&GSS  PIONEER 
encountered  a  high  incidence  of  breakage  of  the  PVC  core  barrel  in 
deep  ocean  work.  To  provide  greater  structural  strength,  the  corer 
was  fitted  with  a  steel  pipe  (3-1/2"  I.D.)  to  jacket  the  full  length 
of  the  PVC  tube. 


by  Messrs.  Thomas  Packard  and  James  Baker,  utilizing  the  standard 
selvlng  technique  for  those  grains  coarser  than  4  phi  (0,0625mm), 
and  the  pipette  technique  for  the  finer  fractions  (Krumbein  and 
Pettljohn,  1938),  The  results  of  the  particle  size  analyses  were 
reduced  to  the  statistical  parameters  by  machine  computation,  gen- 
erally In  accordance  with  the  procedures  presented  In  University 
of  Washington,  Department  of  Oceanography  Technical  Report  No.  87 
(E.  E.  Col  lias,  et.al.,  1963). 


RESULTS  OF  ANALYSES 


An  abstract  of  the  core  log  is  presented  in  Appendix  A.  The 
particle  size  statistics  of  the  cores  are  presented  in  Table  I, 
Definitions  of  column  headings  used  in  Table  I  are  as  follows: 


COLUMN  HEADING 
OPR 

CORE 
HORIZ 

GRAV 

SAND 

SILT 

CLAY 

RATIO 

TRASK 


NMAN 


DEFINITION 

U.  S,  Coast  and  Geodetic  Survey  operation 
number 

Pacific  Oceanograph i c  Laboratory  core  number 

Depth  of  sample  in  centimeters  from  top  of 
core 

Percent  of  gravel  in  sample  by  weight 
Percent  of  sand  in  sample  by  weight 
Percent  of  silt  in  sample  by  weight 
Percent  of  clay  in  sample  by  weight 
Ratio  of  gravel  plus  sand  to  silt  plus  clay 
The  Trask  values  "(Krumbein  and  Pettijohn, 
1938)  shown  are  the  first,  second,  and  third 
quart  lies  (Ql,  Q2,  Q3)  expressed  in  milli- 
meters, the  geometric  quartl le  deviation 
(SO),  the  long  quart! le  deviation  (Log  SO) 
and  the  quart! le  skewness  (SKG). 
The  Inman  (Inman,  1952)  statistics  computed 
are   the  median  (Md^),  the  Mean  (M<(>), 
deviation  or  sorting  {<^*P),   and  skewness  C^f). 
If  the  next  to  last  accumulated  percentage 
Is  greater  than  92,  the  second  skewness  (<^^2<^) 
and  kurtosls  (^**)  are  also  computed. 


FOLK  AND  WARD      The  Folk  and  Ward  statistics  (Folk  and 

Ward,  1957)  computed  are  the  mean  (Mz) , 
the  inclusive  graphic  standard  deviation 
(^  J)^  skewness  (Sk)  and  kurtosis  (Kg). 
Formulas  and  brief  explanatory  notes  for  the  above  are  found  in 
Col  lias  (et.al.).   For  further  details,  refer  to  the  original  papers. 
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COOPERATIVE  ARRANGEMENTS 

In  consonance  with  the  ESSA  -  Institute  for  Oceanography's  policy 
of  deriving  the  maximum  benefits  from  field  samples,  the  Institute's 
Pacific  Oceanograph ic  Laboratory  maintains  bottom  samples  available  for 
studies  by  competent  scientists  associated  with  other  organizations. 
In  general,  sub-samples  of  cores  are  available  to  investigators  having 
a  specific,  definable,  research  plan  and  the  facilities  to  accomplish 
the  Investigation  within  a  reasonable  period  of  time.  The  analytical 
results  are  to  be  reported  to  the  Pacific  Oceanographic  Laboratory 
where  they  may  be  used,  with  appropriate  credits,  in  subsequent  reports 
the  Laboratory  may  produce  on  the  samples.   In  turn,  we  expect  the 
recipient  to  acknowledge  the  source  of  the  samples. 

In  accordance  with  the  above  policy,  sub-samples  from  these  cores 
have  been  provided  to  the  following  scientists  at  the  Institute  for 
Geophysics  of  the  University  of  Hawaii, 

C.  W.  Thomas  -  Mlcropa leontology :  hopes  to  establish  from  a 
study  of  the  fossils,  evidence  of  the  Quarternary  flow  patterns  of  the 
North  Pacific  current, 

J,  C,  Belshe*  -  Pa leomagnetics:  to  study  magnetic  remanence  and 
magnetic  anistropy, 

L,  Swindale  -  Clays:   Investigation  of  crystalline  and  amorphorous 
clays, 

R,  Moberly  -  Mineralogy  and  Silicate  Dlagenesis:  An  oceanic 
extension  of  his  work  on  the  alteration  of  amorphorous  and  weakly 
crystalline  muds  near  the  Hawaiian  Islands.  Mi neraloglca I  investigation 
on  the  distribution  of  fine  quartz  with  some  geochemical  aspects. 


J,  Naughton  and  L.  Barnes  -  Core  Dating:  Age  dating  of  cores  by 
a  new  thorium- ionium  method  and  comparison  with  potassium-argon  method. 
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ABSTRACT  OF  CORE  LOGS 
PIONEER  Operation  457  -  June  1965 

CORE  I   -   LENGTH:   3 1 7  cm  DEPTH:   3237  m 

LOCATION:   (N.  slope  of  Aleutian  Trench    5r53.7'N 

I73°47.8'E 

UNIT    INTERVAL  DESCRIPTION 

1.  0-30  Grayish  Olive  (I0y4/2),  rough-textured  clay, 

contains  echinoderm  spines,  foramin i fera, 
fragments  of  pumice  and  small,  unidentifiable 
dark  specks.   No  oxidized  surface  layers  were 
observed.  This  unit  is  30  cm  thick. 

2.  30-317  Grayish  Olive  (I0y4/2),  clay  having  a  very 

smooth-texture.   This  unit  contains  small 
lenses  of  fine  sand  up  to  I  cm  thick  and  black, 
well-rounded  granules  and  pebbles  up  to  I  cm 
in  diameter.   The  pebbles  seem  to  be  a  basic 
volcanic  rock.  One  shale  pebble  occurs  near 
the  top  of  the  unit.  This  unit  is  287  cm 
thick. 

CORE  2  -  LENGTH:   431  cm  DEPTH:   5578  m 

LOCATION:   (N.  Central  Pacific)  46°I9.2'N 

I76°0I.8'E 

UNIT     INTERVAL  DESCRIPTION 

I.       0-200  Moderate  Yellowish  Brown  (I0YR5/4),  smooth- 

textured  clay  having  sub-parallel  streaks 
and  mottlings  of  lighter  (6/4)  and  darker 
(4/4)  material  and  thin  layers  (one  to  two  cm) 
of  Light  Olive  Gray  ( 5Y6/ | ) ,  ( 5Y4/ | )  and  Grayish 
Orange  (10YR7/4)  clay.   A  silty  clay  layer  4  cm 
thick  occurs  between  27  and  131  cm.   This  materia 
is  mottled  and  streaked  with  Olive  Gray  (5Y3/2) 
and  Pale  Yellowish  Brown.   The  mottling  is  quite 
pronounced  in  the  uppermost  15  cm  of  this  core. 

Diatoms  and/or  Globigerina  are  present  in  this 
unit.  Occasional  well-rounded  pebbles  of  black 
volcanic  rock,  some  with  coatings  of  manganese 
d  ioxi  de  a  I  so  occur. 


In  cm  measured  from  the  top  of  the  core. 


2,       200-431         Mottled  and  crudely  laminated,  smooth-textured 

clay,  mainly  Moderate  Yellowish  Brown  (I0YR5/4). 
Contains  rounded  pebbles  (2  cm  in  dia.)  and  a 
large  angular  fragment  (2x2x6  cm)  of  a 
black  volcanic  rock  at  375  cm.   At  390  cm.  there 
is  a  cluster  of  small,  rounded  pebbles,  each 
2  to  3  cm  in  diameter,  cemented  with  Manganese 
dioxide.   The  aggregate  is  about  2  cm  in 
diameter.   This  unit  is  231  cm  thick. 


CORE  3  -   LENGTH:   109  cm  DEPTH:   5650  m 

LOCATION:  (N.  Central  Pacific)  44°33.9'N 

I76°45.5'E 

UNIT    INTERVAL  DESCRIPTION 

I.       0-109  Moderate  Yellowish  Brown  (I0YR5/4),  smooth- 

textured  clay  mottled  with  lighter  and  darker 
colors.   These  are  probably  infauna  burrows. 
The  material  is  also  crudely  laminated. 


CORE  4  -   LENGTH:   560  cm  DEPTH:   5632  m 

LOCATION:  (N.  Central  Pacific)  42°58. I 'N 

I77°I9.8'E 

UNIT     INTERVAL  DESCRIPTION 

1.  0-85  Moderate  Yellowish  Brown  ( lOYR^/^)  smooth- 

textured  clay.   The  upper  2  cm  are  dark 
Yellowish  Brown  (IOY'^/2).   Sharply  defined 
mottlings  of  the  darker-colored  material  occur 
at  7  cm.   There  is  a  s i I ty  zone  between  49  and 
56  cm.   An  Olive  Gray  (5y4/|)  streak  occurs  at 
the  bottom  of  the  silty  zone. 

2.  85-560  Dark  Yel  lowish  Brown  (IOYR'^/2),  smooth-textured 

clay  with  mottlings  of  Olive  Gray  (5Y4/j)  between 
190  and  230  cm.   The  color  grades  to  Moderate 
Yellowish  Brown  ( I0YR5/4)  at  280  cm.   At  310  cm 
the  color  darkens  to  (I0YR4/2). 

The  clay  is  strongly  and  sharply  mottled  between 
350  and  370  cm^   Voids  2  cm  wide  occur  at  377 
and  476  cm.   Mottling  occurs  between  410  and  470 
cm  and  between  482  and  520  cm.   At  535  to  542  cm 
the  color  is  Moderate  Brown  (5YR3/4),   A  small 
rounded  black  pebble  (2  mm  in  dia)  occurs  at 
548  cm.   The  unit  is  485  cm  thick. 
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CORE   5     -      LENGTH:      486  cm 


DEPTH:      5513  m 


UNIT 


I. 


LOCAT I  ON : 


NTERVAL 


0-436 


(W,    Extension  of 
Mendocino  Scarp) 


40°09.3'N 
!78''26.7'E 


DESCRIPTION 


Moderate  Yellowish  Brown  (I0YR5/4),  smooth- 
textured  clay.  The  upper  5  cm  are  liquid. 
The  unit  is  marked  by  lightening  and  darkening 
of  the  color  and  by  mottling  at  various  intervals. 
Shrinkage  or  distension  cracks  occur  between  332 
and  362  cm.   Liquid  to  very  soft  clay  occurs 
between  369  and  371  cm.  The  mottllngs  show 
burrows  more  or  less  perpendicular  to  the  core. 


CORE  6  -   LENGTH:   512  cm 


UNIT 


LOCAT I  ON : 


INTERVAL 


0-15 


(W.  Extension  of 
Mendocino  Scarp) 


DEPTH:  5595  m 


DESCRIPTION 


39^38. 7'N 
I78°33.9'E 


Grayish  Brown  (5YR3/2)  smooth-textured  clay. 
Grades  into  the  unit  below.  This  is  probably 
a  zone  of  oxidation. 


2. 


3. 


5-80 


80-512 


Smooth-textured  clay  mottled  with  Grayish 
Orange  ( IOYR6/4)  and  Grayish  Brown  (5Yr3/2). 
Grades  into  Unit  3.   Unit  2  is  65  cm  thick. 

Mottled,  smooth-textured,  Moderate  Yellowish 
Brown  ( I0YR5/4)  and  Dark  Yellowish  Brown 
( IOYR^/2)  mottled  clay.  The  Interval  between 
258  and  275  cm  is  slightly  si Ity.   A  manganese 
nodule  occurs  at  295  cm.   Underlying  this  is 
about  10  cm  of  soft  clay.  The  thickness  of 
Unit  3  Is  432  cm. 


CORE  7  -  LENGTH:   551  cm 


UNIT 


i. 


DEPTH:   5028  m 


LOCATION:   (Basin  between  Marcus-Necker    22°I6.2'N 
Ridge  and  Hawaiian  Rise)      I72''48.2'W 


INTERVAL 


0-519 


DESCRIPTION 

Moderate  Yellowish  Brown  (I0YR5/4),  smooth- 
textured  clay  mottled  with  lighter  and  darker 
material . 
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2. 


519-551 


Like  Unit  I,  but  the  texture  Is  coarse  and 
resembles  coffee  grounds.  The  material  is 
finer  toward  the  bottom.  The  unit  is  32  cm 
thick. 


CORE  8  -  LENGTH:   451  cm  DEPTH:   3054  m 

LOCATION:   (Marcus  Necker  Ridge) 


UNIT 


NTERVAL 


0-451 


I9''48.8'N 
ITO^SI.O'W 


DESCRIPTION 


Very  fine  calcarenite  mottled  with  very  Pale 
Orange  ( IOYR8/2)  and  Pale  Yellowish  Brown 
( IOYR6/2)  and  containing  abundant  foromin I fera. 
The  coloring  agent  is  In  the  fine  fraction. 
Carbonaceous  remains  occur  at  200  cm.  Small 
manganese  nodules  occur  at  52  and  56  cm. 
White  {N9)  mottllngs  occur  between  218  and 
280  cm.   This  material  dissolves  In  HCL  but 
does  not  visibly  evolve  CO2.  The  material 
tends  to  become  compact  toward  the  bottom  of 
each  section  of  the  core.  The  bottom  42  cm 
of  the  core  is  crudely  laminated. 
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Reprinted  from  THE  GEOGRAPHICAL  REVIEW  Vol.  56,  No.  k 
The  American  Geographical  Society 

GEOMORPHOLOGY  OF  AMLIA  BASIN, 
ALEUTIAN  ARC,  ALASKA 

RICHARD  B.  PERRY  and  HAVEN   NICHOLS 

RECENT  photographs  of  lunar  and  Martian  topography  have  stimulated 
interest  in  the  processes  that  have  formed  large  depressions  on  our 
planet  and  on  other  celestial  bodies.  One  of  the  largest  such  features  on 
the  face  of  the  earth  is  Amlia  Basin,  which  has  been  charted  below  water  on 
the  Aleutian  Ridge  north  of  Amlia  Island  at  approximately  52°3o'N,  173°W 
(Fig.  1).  This  elliptical  depression,  which  in  many  respects  is  similar  to  the 
better-known  calderas  and  other  volcano-tectonic  depressions  of  volcanic 
landscapes,  extends  nearly  forty-six  nautical  miles  from  east  to  west  and  nine- 
teen nautical  miles  from  north  to  south.  Williams,'  who  has  discussed  the 
occurrence  and  formation  of  calderas  throughout  the  world,  does  not  de- 
scribe any  larger  than  Amlia  Basin;  its  size  exceeds  that  of  the  seventeen 
calderas  previously  reported  in  the  Aleutian  Islands.^  Because  of  its  shape  and 
its  association  with  a  tectonically  active  area,  and  of  other  evidence  presented 
here,  it  is  felt  that  Amlia  Basin  was  formed  primarily  by  collapse  and  erosion 
rather  than  by  impact  or  explosion. 

Hydrographic  data  for  the  area  north  of  Amlia  Island  were  obtained  in 
1952  and  1953  by  the  United  States  Coast  and  Geodetic  Survey.  Large  survey 
ships  were  used  in  the  deeper  offshore  waters,  with  shoran  and  electronic 
position  indicator  navigational  systems  for  position  control.  The  survey  ot 
inshore  waters  was  completed  by  small  survey  vessels  and  auxiliary  launches, 
using  sextant  and  shore  signals  as  well  as  shoran  for  position  control.  The 
density  of  the  soundings  is  shown  on  Figure  1.  The  soundings  on  which  the 
bathymetry  is  based  have  been  corrected  for  the  velocity  of  sound  in  sea- 
water. 

Regional  Bathymetry  and  Geology 
North  of  the  Amha  area  the  Aleutian  Ridge  falls  steeply  to  the  Bering  Sea 

'  Howel  Williams:  Calderas  and  Their  Origin,  Unit'.  cJCaUforma  Pubis.,  Bull.  Dept.  ofCeol.  Sciences, 
Vol.  25,  1940-1941,  pp.  239-346. 

'  Robert  R.  Coats:  Volcanic  Activity  in  the  Aleutian  Arc,  U.  S.  Gee/.  Survey  Bull.  974-B,  195°, 
PP-  35-49- 

>  Mr.  Perry  is  a  geological  oceanographer  in  the  Institute  for  Oceanography,  Environ- 
mental Science  Services  Administration,  United  States  Department  of  Commerce,  Washing- 
ton, D.  C.  Mr.  Nichols,  recently  retired  as  a  cartographer,  was  affiliated  with  the  same 
agency. 
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Fig.  1 — Location  ni.ip,  showing  area  of  Figure  2  in  heavy  outline  with  density  of  soundings  per 
square  nautical  mile. 

Fig.  2 — Bathymetric  map  of  AmHa  Basin  and  vicinity.  Contour  interval  is  loo  fithoms.  Shaded 
outline  indicates  limits  of  model  shown  in  Figure  4. 
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floor  at  about  1 800  fathoms.  The  southern,  slope  of  the  ridge  descends  more 
gently  to  the  bottom  of  the  Aleutian  Trench  at  a  depth  of  about  4000  fathoms 
some  70  nautical  miles  south  of  Amlia  Island.  The  crest  of  the  ridge  is  capped 
by  many  volcanic  islands,  which  trend  in  approximately  linear  segments  to 
form  an  arcuate  pattern  concave  to  the  north.  The  individual  segments  are 
offset  from  one  another,  and  Amlia  Basin  occupies  the  area  between  two  of 
them.  The  section  west  of  Amlia  Island  consists  of  volcanoes  on  and  to  the 
west  of  Atka  Island  along  the  northern  edge  of  the  Aleutian  Ridge.  This  line 
of  volcanoes  is  offset  northward  from  a  line  that  extends  along  the  middle  of 
the  ridge  trending  northeastward  from  Seguam  Island  (shaded  belts  on  Figure 
1).  It  may  be  seen  from  the  looo-fathom  isobath  on  Figure  1  that  Amlia  Basin 
is  also  in  a  transition  area  between  a  narrower  section  of  the  ridge  to  the  west 
and  a  wider  and  more  irregular  section  to  the  east. 

Amha  is  one  of  the  few  Aleutian  Islands  that  show  no  evidence  of  major 
volcanic  activity,  but  Korovin  (4852  feet)  and  Sarichef  (2000  feet)  Volcanoes 
on  Atka  Island  and  Seguam  Volcano  (3458  feet)  on  Seguam  Island  have  been 
active  during  historical  time.^  Most  of  the  islands  west  of  Amlia  have  strato- 
volcanoes  of  Quaternary  age  in  the  extreme  northern  parts,  characterized  by 
cones  of  interbedded  basaltic  and  andesitic  pyroclastics  and  lava  flows,  with 
mudflows  and  sedimentary  rocks  composed  of  volcanic  debris  on  their  lower 
slopes."* 

Amlia  Basin  Bathymetry 

Amlia  Basin  is  about  500  square  nautical  miles  in  area  (Fig.  2).  The  500- 
fathom  isobath  delineates  the  circular  bottom,  which  has  a  maximum  depth  of 
620  fathoms  near  its  center.  The  west,  south,  and  east  walls  of  the  depression 
have  relatively  gentle  slopes  (Figs.  3  and  4).  The  north  wall  is  much  steeper 
and  forms  the  south  slope  of  a  narrow,  flat-topped  ridge.  This  ridge  separates 
the  depression  from  the  northern  slope  of  the  Aleutian  Ridge.  Its  flat  crest  has 
several  small  conical  peaks.  These  may  be  remnants  of  volcanic  eruption,  be- 
cause volcanic  rocks  have  been  found  on  the  98-fathom  peak  at  52°36'N, 
172°43'W. 

The  Aleutian  slope  north  of  Amlia  Basin  is  dissected  by  a  number  of 
canyons.  A  prominent  submerged  ridge  also  projects  northwestward  into 
Bering  Sea  from  the  northern  slope  (see  the  1283-fathom  sounding  on  Amlia 
Knoll,  Fig.  2).  This  ridgelike  projection  and  the  chaotic  relief  pattern  north 

^  Ibid.,  Table  2  (in  pocket). 

■•  Robert  R.  Coats:  Reconnaissance  Geology  of  Some  Western  Aleutian  Islands,  Alaska,  U.  S.  Geol. 
Survey  Bull.  1028-E,  1956,  pp.  83-100. 
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Fig-  3 — Profiles  of  Amlia  Basin,  alignment  of  which  is  shown  in  Figure  4.  Vertical  exaggeration  is 
about  x8. 

of  Amlia  Basin  arc  in  marked  contrast  with  the  more  uniform  rchef  of  the 
slope  north  of  Atka  and  Adak  Islands.' 

Three  large  canyons  cut  through  the  narrow  ridge  that  separates  the  de- 
pression from  the  northern  slope.  From  the  floor  of  Amlia  Basin  at  about  600 
fathoms  Amlia  Canyon  descends  northward  to  the  1200-fathom  isobath  at 
52°5o'N,  where  it  makes  an  abrupt  turn  to  the  west  and  then  continues 
downslope  to  its  terminus  on  the  Bering  Sea  floor  below  1900  fathoms.  Se- 
guam  Canyon  begnis  in  the  eastern  end  of  the  depression  and  descends  north- 
ward to  1 1 50  fathoms,  where  it  makes  a  conspicuous  turn  to  the  east  and  then 
descends  to  its  terminus  below  1900  fathoms.  From  the  west  end  of  Amlia 
Basin,  Atka  Canyon  descends  along  a  nearly  straight  path  down  the  north 
slope  to  the  floor  of  Bering  Sea  just  west  of  the  prominent  ridge. 

5  Richard  B.  Perry  and  Haven  Nichols:  Bathymetry  of  Adak  Canyon,  Aleutian  Arc,  Alaska,  Bull. 
Gecl.  Soc.  of  America,  Vol.  76,  1965,  pp.  365-370;  Haven  Nichols  and  Richard  B.  Perry:  Bathymetry  of 
the  Aleutian  Arc,  Alaska  (6  maps,  U.  S.  Coast  and  Geodetic  Survey,  1966). 
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Fig.  4 — Vertical  photograph  of  model  of  Amlia  Basin  and  adjacent  nortiiern  Aleutian  slope.  Contour 
interval  is  50  fathoms.  Heavy  black  lines  indicate  location  of  profiles  shown  in  Figure  3. 


Origin  of  Amlia  Basin 

Amlia  Basin  is  believed  to  be  a  calderalikc  feature  formed  by  collapse  or 
subsidence  following  withdrawal  of  magma  from  beneath  the  area.  The  im- 
mense size  of  the  depression  excludes  the  possibility  of  its  being  an  explosion 
crater.*  However,  the  withdrawal  of  a  very  large  volume  of  material  must  be 
accounted  for.  If  a  postulated  Amlia  magma  chamber  could  have  supplied  the 
material  extruded  from  volcanoes  on  Seguam  Island,  twenty-two  nautical 
miles  away,  and  on  Atka  Island,  forty-one  nautical  miles  away,  this  could 

'  WilHams,  op.  cit.  [see  footnote  1  above],  p.  247. 
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account  for  only  a  small  part  of  the  total  volume  of  material  removed. 

An  examination  of  the  bathymetry  north  of  Amlia  Basin  provides  a  possi- 
ble clue  to  the  disposition  of  the  missing  niaterial.  The  chaotic  relief  with  its 
northward-extending  projections  is  iii  definite  contrast  with  the  more  regular 
relief  of  the  northern  slope  of  the  Aleutian  Ridge  west  of  Atka  Island.  The 
irregular  teatures  give  the  appearance  of  lava  flows  that  moved  down  the 
slope  from  the  vicinity  of  the  depression.  These  flows  could  have  issued  from 
fissures  opening  on  the  slope  from  a  magma  chamber  under  the  crest  of  the 
Aleutian  Ridge.  As  the  escaping  magma  spread  down  the  slope  to  the  floor  of 
Bering  Sea  it  obstructed  and  changed  the  course  of  canyons.  Because  Amlia 
Canyon  turns  west  and  Seguam  Canyon  turns  east  at  about  the  same  latitude, 
it  seems  unlikely  that  faulting  parallel  to  the  Aleutian  Ridge  could  have 
caused  the  diversions  in  courses.  Lava  flows,  however,  could  account  for  the 
divergent  trends  of  the  two  canyons.  Atka  Canyon,  which  leaves  the  west  end 
of  Amlia  Basin,  was  outside  the  areas  of  major  lava  flows  and  therefore  main- 
tained its  straight  course  down  the  slope. 

It  is  also  possible  that  the  irregular  relief  on  the  slope  to  the  north  of  the 
depression  is  a  result  oi  submarine  landsliding  before  the  formation  of  the 
ridge  between  the  slope  and  the  depression.  Moore'  has  examined  irregular 
topography  on  the  Hawaiian  Ridge  and  has  concluded  that  submarine  land- 
sliding  is  a  more  plausible  explanation  for  the  origin  of  relief  in  that  area  than 
submarine  volcanic  eruptions. 

If  the  irregular  topography  north  of  Amlia  Basin  is  a  result  of  landslides 
or  other  submarine  erosional  processes,  the  depression  itselt  could  have  pro- 
vided the  source  for  the  allochthonous  material  on  the  slope  below.  It  would 
then  be  necessary  to  assume  that  the  ridge  forming  the  north  wall  ot  the  de- 
pression is  a  subsequent  constructional  feature,  probably  of  volcanic  origin. 
The  steepness  of  this  north  wall  suggests  that  any  volcanic  action  may  have 
been  accompanied  by  taulting. 

The  three  canyons  leading  northward  from  Amlia  Basin  were  probably 
formed  by  submarine  erosion.  If  we  assume  that  this  Aleutian  area  has  not  un- 
dergone any  major  eustatic  changes,  the  lowering  of  sea  level  during  the  Ice 
Age  was  probably  insufficient  to  expose  much  of  the  canyons  to  subaerial 
erosion.  Investigations  in  other  areas  have  shown  that  erosion  docs  take  place 
in  submarine  canyons.*  It  would  seem  plausible  that  these  three  canyons  have 
played  at  least  a  secondary,  though  important,  role  in  shaping  Amlia  Basin, 

'J.  G.  Moore:  Giant  Submarine  Landslides  on  the  Hawaiian  Ridge,  in  Geological  Survey  Research 
1964,  U.  S.  Geol.  Survey  Professional  Paper  No.  301-D,  1964,  pp.  D95-D98. 

*  Robert  F.  Dill:  Sedimentation  and  Erosion  in  Scripps  Canyon  Head,  in  Papers  in  Marine  Geology 
(edited  by  Robert  L.  Miller;  New  York,  1964),  pp.  23-41. 
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but  it  is  doubtful  whether  they  could  account  for  removal  of  sufficient 
material  to  form  so  large  a  depression.  There  is  no  evidence  of  the  large  fans 
that  would  be  expected  at  the  lower  ends  of  the  canyons  under  such  erosional 
conditions. 

The  apparent  erosion  of  Amlia  Canyon  through  the  north  wall  of  the  de- 
pression poses  a  question  as  to  the  sequence  of  events  that  led  to  the  formation 
of  the  canyon  and  the  depression.  On  the  south  slope  of  Amlia  Basin,  near 
l73°oo'W,  a  small  canyon  begins  at  the  lOO-fathom  isobath  and  ends  at  the 
450-fathom  isobath.  It  is  in  apparent  alignment  with  Amlia  Canyon  and  could 
represent  an  earlier  head  of  Amlia  Canyon  if  it  existed  before  the  collapse 
and  the  formation  of  the  depression.  It  is  possible  that  as  the  collapse  took 
place  Amlia  Canyon  maintained  its  initial  course  through  the  north  wall  of 
the  depression.  As  the  collapse  continued  below  450  fathoms  Amlia  Canyon 
lost  connection  with  its  head  because  the  rate  of  collapse  exceeded  the  rate  of 
the  canyon's  erosion  through  the  north  wall. 

The  Amlia  area  is  in  a  transition  zone  between  a  narrower  western  section 
of  the  Aleutian  Ridge  having  a  line  of  volcanoes  along  its  northern  edge  and  a 
wider  eastern  section  of  the  ridge  having  a  medial  line  of  volcanoes.  Since  the 
Aleutian  Arc  hinges  at  this  point,  the  area  could  have  been  subjected  to  ten- 
sion; for  the  islands  to  the  west  are  oriented  in  more  of  an  east-west  direction 
than  the  ones  east  of  Amlia,  which  trend  northeast-southwest.  These  tectonic 
forces  could  have  been  responsible  for  the  release  of  magma  that  led  to  the 
formation  of  Amlia  Basin.  Seismic  records  indicate  that  the  area  is  still  active.^ 

It  seems  reasonable,  then,  that  collapse  of  roof  rock  or  overburden, 
brought  about  by  the  evacuation  of  magma  from  a  chamber  beneath  the  site 
of  Amlia  Basin,  could  have  been  a  contributing  mechanism  in  producing  the 
depression.  Topographic  irregularities  on  the  northern  slope  of  the  Aleutian 
Ridge  resemble  lava  flows,  wliich  could  have  issued  from  a  magma  chamber 
through  fissures  along  the  slope. 

The  three  submarine  canyons  provided  a  means  of  enlargement  of  the 
original  depression  after  collapse.  Although  Amlia  Basin  could  have  resulted 
from  landsliding  and  the  subsequent  building  of  the  north  wall  by  volcanism, 
a  volcano-tectonic  origin  seems  more  hkely.  The  offset  in  alignment  of  two 
groups  of  volcanoes  and  the  northward  bend  of  the  Aleutian  Arc  at  this  hinge 
point  add  to  the  plausibility  of  a  major  volcano-tectonic  disturbance  in  the 
Amha  area.  If  the  depression  is  indeed  a  caldera,  it  is  the  largest  reported  in 
the  Aleutian  Islands,  and  it  is  certauily  one  of  the  largest  in  the  world. 

9T.  Neil  Davis  and  Carol  Echols:  A  Table  of  Alaskan  Earthquakes,  1788-1961,  Utiiu.  of  Alaska, 
Geophysical  Inst.,  Geophysical  Research  Rept.  No.  8,  1962. 


23 


Reprinted  from  THE  ENCYCLOPEDIA  OF  OCEANOGRAPHY,  Reinhold  Publishing  Co. 


ANDAMAN  SEA:  GEOPHYSICS  OF 

The  geophysical  anomaly  trends  in  the  Andaman 
Sea  are  related  to  the  genera!  morphology  of  the 
area.  The  dominant  trends  follow  the  "Indonesian 
Arc"  which  is  part  of  the  system  of  young  primary 
arcs  of  southeastern  Asia.  Other  pronounced 
trends  are  parallel  to  the  west  Malaysian  shelf, 
which  in  turn  is  parallel  to  the  Triassic-Jurassic 
fold-mountain  system  of  Thailand  and  Malaysia. 

The  free-air  gravity  anomalies  (Fig.  1)  reflect  the 
basic  bathymetric  and  tectonic  patterns.  The 
extension  of  the  Java-Sumatra  trench  and  the 
Andaman-Nicobar  islands  lie  in  a  broad  belt  of 
negative  free-air  anomalies.  Within  this  belt,  there 
is  a  narrow  zone  where  positive  free-air  anomalies 
occur.  These  are  associated  with  Nias  and  Simalur 
Islands,  southwest  of  Sumatra,  and  the  western 
margin  of  the  Nicobar  and  Andaman  Islands.  The 
axis  of  the  minimum  of  the  negative  anomaly  belt 
is  on  the  eastern  side  of  the  sedimentary  island 
platform;  it  passes  through  the  Nicobar  Islands, 
but  shifts  to  the  inner  (eastern)  side  of  the  Andaman 
Islands. 

The  volcanic  arc  is  indicated  by  generally  high 
positive  free-air  anomalies,  specifically  prominent 
at  the  northern  tip  of  Sumatra,  at  the  Invisible 
Bank,  and  the  Barren  and  Narcondam  Islands.  In 
other  areas  of  the  volcanic  arc,  especially  in  the 

middle  of  the  Andaman  Sea,  the  local  free-air 
anomaly  highs  are  subdued  by  the  larger  negative 
anomalies  which  are  associated  with  the  sedimen- 
tary arc. 

There  is  a  major  north-northeast  trending  belt 
of  magnetic  (Fig.  2)  and  gravity  anomaly  highs 
along  the  edge  of  the  continental  shelf  of  the  Thai- 
Malay  Peninsula  in  the  northern  half  of  the 
Andaman  Sea.  The  trend  continues  into  the 
southern  half  also,  but  here  it  is  located  in  deeper 
water  ( >  1000  m).  A  change  in  the  character  of  the 
magnetic  field  at  the  200  m  shelf  break,  and 
bathymetric  indications  of  faulting  in  the  same 
area,  however,  suggest  that  the  west  Malaysian 
shelf  is  down-faulted  in  the  southern  part  of  the 
Andaman  Sea.  Therefore,  the  magnetic  and 
gravity  anomaly  trends,  represent  the  edge  of  the 
Sunda  shelf  in  this  deep-water  area  as  well. 

The  magnetic  and  gravity  anomalies,  together 
with  the  occurrence  of  high  heat  flow  (Fig.  2), 
clearly  mark  the  extension  of  the  volcanic  inner 
arc  from  the  Barrisan  Range  of  Sumatra  north  to 
the  Burma  Range.  The  central  graben  of  the 
Barrisan  Range  extends  into  the  Andaman  Sea 
and  forms  a  continuous  valley  up  to  10°N  latitude. 


Fig.    1.   Gravity   free   air   anomaly   contours   in   the 
Andaman  Sea  (after  Peter  el  al.,  1966). 
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Fig.  2.  These  join  the  seamounts  of  the  inner 
volcanic  arc  east  of  the  Invisible  Bank  and  the 
Great  Nicobar  Island. 

A  crustal  section  calculated  on  the  basis  of 
Bouguer  anomalies  (topographic  corrections  are 
applied  to  the  free-air  anomalies)  is  shown  in  Fig. 
3.  The  accuracy  of  the  depth  of  the  crust-mantle 
interface  is  estimated  to  be  10%  for  this  type  of 
calculation. 

The  Airy-Heiskanen  isostatic  anomalies  closely 
resemble  the  free-air  anomalies  and  suggest  that 
further  elevation  of  the  Andaman-Nicobar  island 
platform  can  be  expected. 

George  Peter 
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Fig.  2.  Magnetic  anomaly  trends  and  sea-floor  heat 
flux  (10"*  cal  cm"^  sec"')  (after  Peter  el  ai,  1966). 


The  general  trend  (north-northeast)  of  two  other 
volcanic  seamount  groups  are  also  indicated  in 


Fig.  3.  Bathymetric  and  Bouguer  anomaly  profiles 
and  calculated  crustal  section  along  the  trackline  im- 
mediately south  of  Great  Nicobar  Island  (after  Peter 
etal.,  1966). 
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PRELIMINARY   RESULTS   OF   A  SYSTEMATIC    GEOPHYSICAL 
SURVEY    SOUTH   OF    THE   ALASKA  PENINSULA 
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Abstract 

Results  of  a  closely  spaced  grid  survey  of  the  magnetic  and 
gravity  fields  and  the  bottom  topography  is  presented  for  an  area  located 
between  latitudes  45°  and  55  "N  and  between  longitudes    155  "30'  and  158°30'W. 

Three  positive  magnetic  anomaly  bands  run  nearly  parallel 
(within  10°)  with  the  bathymetric  contours  in  the  area  of  the  northeast- 
trending  Aleutian  Trench.     South  of  latitude  5  1  °N  the  magnetic  anomalies 
form  high  and  low  bands  aligned  north-northwest.      The  longest  band  in  the 
survey  area  is  650  kilometres.     The  bands  most  probably  continue  southward 
and  join  the  striations  discovered  by  investigators  of  Scripps  Institution. 
Based  on  the  magnetic  anomaly  pattern,   two  major  crustal  discontinuities 
are  apparent:  one  at  the  top  of  the  southern  trench  wall,   and  the  other  near 
the  southern  edge  of  the  outer  ridge.     It  is  suggested  that  the  magnetic 
anomalies  represent  fracture  zones  with  associated  magnetic  minerals. 

The  lack  of  correlation  between  the  magnetic  data  and  gravity 
data  may  be  attributed  to  one  or  more  of:   1)  small  or  negligible  increase  in 
density  in  the  area  of  the  inferred  fracture  zones;  2)  limited  (+.  10  mgal) 
instrument  accuracy;  and  3)  widely  spaced  sampling  interval. 

A  model  of  crustal  structure  is  presented  in  the  area  of  the 
Aleutian  Trench,   based  on  magnetic,   gravity,   and  limited  seismic  informa- 
tion. 


INTRODUCTION 

About  10  years  ago  the  U.S.   Coast  and  Geodetic  Survey  and 
the  Scripps  Institution  of  Oceanography  conducted  a  special  bathymetric  and 
marine  magnetic  survey  off  the  west  coast  of  the  United  States.     This  cooper- 
ation led  to  the  discovery  of  the  Mendocino,   Pioneer,   and  the  other  fracture 
zones  of  the  northeastern  Pacific  Ocean.     It  was  realized  that  systematic 
surveys  could  map  sea-bottom  topography  and  reveal  hitherto  unknown 
patterns  in  the  magnetic  and  gravity  fields,   which  could  become  significant 
in  the  understanding  of  the  structure  of  the  crust  and  upper  mantle. 
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To  achieve  the  understanding  of  the  oceans  of  the  world 
through  their  systematic  exploration,   the  U.S.   National  Plan  for  Ocean 
Surveys  was  formulated.  -^    Part  of  the  plan  is  the  marine  geophysical  program 
of  the  Coast  and  Geodetic  Survey,   which  started  in  1961.     The  program  calls 
for  the  systematic  exploration  of  the  North  Pacific  between  longitudes   150° 
and  180°W.     The  area  is  divided  into  smaller  sections.     Within  the  section 
described  here,   the  ship's  tracklines  were  run  north-south  and  were  spaced 
approximately  10  nautical  miles  apart,   except  for  occasional  check-lines. 
The  ship's  position  was  determined  by  L.ORAN   C.     The  depth  of  water  and 
the  magnetic  and  gravity  field  variations  were  recorded  continuously. 

In  this  paper,  these  data  will  be  discussed  in  the  area  located 
between  longitudes  155°  and  159  °W  and  from  the  continental  shelf  south  to 
latitude  45  "N  (Fig.    1). 


MAGNETIC   INTENSITY   MAPS 

The  maps  of  Figures   lA  and  IB  show  the  advantage  of  a  syste- 
matic survey,  and  demonstrate  the  possibilities  for  interpretation  when  data 
for  the  entire  North  Pacific  become  available  for  study.    Although  this  sample 
shows  new  and  interesting  results  with  possibly  far  reaching  implications,   in 
the  most  critical  places  the  mapped  area  appears  to  be  too  narrow;  therefore, 
it  must  be  stressed  that  some  of  our  conclusions  are  only  preliminary,   and 
their  verification  must  await  study  of  the  area  to  the  west  and  some  detailed, 
systematic  seismic  investigations. 

In  Figure  IB,   there  is  a  distinct  pattern  of  parallel,   north- 
northwest  aligned  bands  of  magnetic  highs  and  lows.     An  east-west  trackline 
near  latitude  50  "N,   described  by  Fabiano  and  Alldredge  (1961),    reveals  that 
bands  of  highs  and  lows  also  exist  to  the  east  and  west  of  the  present  area. 

To  construct  the  magnetic  anomaly  map  (Fig.   IB),  we  prepared 
a  regional  total  intensity  chart  on  the  basis  of  our  own  magnetic  survey. 
This  chart  compared  well  with  a  chart  prepared  by  Cain  and  Neilon  (1963), 
but  because  too  few  observations  were  available  at  the  time  of  its  publication 
the  C&GS  World  Total  Intensity  Chart  for  the  epoch  of  1955  (corrected  to 
1961)  showed  considerable  deviations  (Fig.    2). 

Figure  2  shows  how  well  the  regional  total  intensity  based  on 
our  survey  fits  the  data,   and  indicates  that  it  is  correctly  defined.     The 
importance  of  this  will  be  shown  later  in  this  report.     On  the  basis  of  the 

Detailed  description  is  in  ICO  Pamphlet  No.  7,   May  1963:    National  Plan 
for  Ocean  Surveys. 
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Figure   lA.     Positive  mag- 
netic anomalies  (shaded 
areas  of  Fig.    IB) 
superimposed  on  bathy- 
metric  chart.     Contour 
interval  50  fathoms  (100 
fathoms  over  some 
se amounts) . 


Figure   IB.     Total  mag- 
netic intensity  map. 
Contour  interval  100 
gammas.     Areas  above 
100  gammas  are 
shaded. 
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Profile  of  total  magnetic  intensity  across  area  of  Figure   IB 
along  lat.   50  °N.     Dotted  line  demonstrates  the  fit  of  the 
regional  total  intensity  (from  the  PIONEER   1961  survey) 
to  an  actual  profile.     Dashed  line  is  regional  total  intensity 
based  on  U.S.   C&GS  World  Total  Intensity  Chart  for  the 
epoch  of  1955  (corrected  to  1961). 


total  magnetic  intensity  anomaly  chart  and  other  published  evidence,  we 
believe  that  one  can  extrapolate  and  suggest  that  a  major  part  of  the  North 
Pacific  is  characterized  by  these  magnetic  striations. 


The  existence  of  these  anomaly  bands  is  quite  important, 
because  they  are  located  far  from  continental  margins  and  mid-oceanic  ridge 
systems,   with  which  similar  anomaly  bands  thus  far  have  been  associated. 
The  anomaly  bands  trend  north-northwest  parallel  with  the  Emperor  Seamount 
Chain  and  the  western  margin  of  the  North  American  continent,   but  these  are 
located  1,500  nautical  miles  to  the  west  and  900  nautical  miles  to  the  east. 
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respectively.     It  appears  that  either  parallel  anomaly  bands  occur  much 
farther  from  the  centre  of  these  features  (mid-oceanic  ridge  systems,   con- 
tinental margins),   or  the  anomaly  bands  must  have  a  new  geological  explana- 
tion. 

From  Figures   lA  and  IB,   we  can  conclude  that:   1)  there  is  no 
relationship  between  the  sea-bottom  topography  and  the  magnetic  anomaly 
bands;  and  2)  some  of  the  seamounts  apparently  have  no  magnetic  effect, 
while  other  seamounts  have  either  normal  or  reversed  magnetization  (or  at 
least  a  direction  of  remanent  magnetization  that  is  significantly  different  from 
the  present  dipole  direction). 


MAGNETIC    DISCONTINUITIES 

From  Figures   lA  and  IB  and  the  four  profiles  (selected 
approximately  5  degrees  apart)  from  our  systematic  survey  of  the  Aleutian 
Trench  (Fig.    3),   we  conclude  that  a  major  crustal  discontinuity  occurs  at  the 
top  of  the  southern  wall  of  the  trench,   and  is  indicated  by  a  magnetic  anomaly 
band.     Figure  3  shows  the  four  profiles,   one  each  at  longitudes   166  °W, 
ITO^W,    175°W,    and  179°W.    The  upper  trace  is  the  gravity  free -air  anomaly. 
The  minimum  is  broad  and  overlaps  the  Aleutian  Bench.     The  middle  trace 
is  the  magnetic  anomaly  with  the  regional  or  normal  field  removed;  and  the 
shaded  trace  is  the  sea-bottom  topography.     These  profiles  were  prepared 
for  comparison  with  the  aeromagnetic  profiles,   published  by  Keller  et  al. 
(1954).     Some  of  their  profiles  are  very  similar  to  ours,   but  the  location  of 
the  profiles  had  to  be  adjusted  slightly  to  correct  for  the  navigational  errors 
of  the  aircraft  tracks. 

As  can  be  seen  from  Figure  3,   neighbouring  profiles  are 
similar.     A  characteristic  large  magnetic  anomaly  occurs  along  the  top  of 
the  southern  trench  wall  in  all  profiles.     The  north-northwest  trending 
anomaly  bands  appear  to  terminate  at,   or  are  cut  by,   this  trench  anomaly. 
Two  of  these  bands,   however,   do  not  reach  the  trench  wall.     The  striations 
bend  sharply  toward  the  west,   and  the  band  which  is  terminated  by  the  trench 
anomaly  appears  to  be  broken  up  in  the  area  between  latitudes  5  1  °N  and  52  "N 
in  Figures   lA  and  IB.     Thus,   another  crustal  discontinuity  may  be  present 
in  this  area.     Along  the  east-west  trackline  near  latitude  50  "N  (Fabriano  and 
AUdredge,    1961),   the  eastern  positive  magnetic  anomaly  bamd  is  wider  than 
other  bands  and  may,    therefore,   be  a  continuation  of  the  band  that  reaches 
the  south  wall  of  the  trench.     If  so,   a  westward  movement  of  about  220  kilo- 
metres is  suggested  for  the  area  north  of  latitude  51"'30'N  relative  to  the 
stable  ocean  floor  to  the  south.     If  the  bands  are  not  the  same,   then  not  only 
the  distance  of  westward  movement,   but  also  the  entire  nature  of  the  discon- 
tinuity is  unknown.     The  fact  that  a  bend  and  not  a  complete  breakage  is 
is  present  here,   as  was  found  over  the  Mendocino  escarpment,   may  indicate 
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Figure  3.     Four  profiles  aligned  approximately  north-south  across 
the  Aleutian  Trench  showing  sea-bottom  topography, 
gravity,   and  magnetic  variations.     Longitude  of  southern 
end  of  each  profile  appears  in  upper  left  corner. 
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that  the  westward  displacement  cannot  be  much  larger  than  the  suggested  220 
kilometres.     However,   until  we  have  the  data  contoured  for  the  area  to  the 
west,    the  westerly  displacement  along  this  second  discontinuity  is   specula- 
tive.    If  it  can  be  proved  that  there  is  a  westward  displacement  along  the 
southern  edge  of  the  outer  ridge,   it  may  have  a  further  interesting  implica- 
tion.    Seismologists  studying  the  Alaskan  and  the  North  and  South  Anaerican 
earthquakes  concluded  that  right-lateral  movements  are  associated  with  the 
earthquakes,    and  a  counterclockwise  rotation  of  the  Pacific  Basin  has  been 
postulated.     Since  this  hypothesis  was  raised,   the  Philippine  left-lateral 
faults  were  discovered.     The  magnetic  pattern  south  of  the  Aleutian  Trench 
may  indicate  that  the  right-lateral  movement,   or  westward  movement  of  the 
ocean  basin,   is  restricted  to  an  area  only  150-200  miles  wide.     It  must 
involve  only  the  continental  margin  and  the  outer  ridge,   while  the  ocean  floor 
remained  stable.     The  absence  of  earthquakes  at  the  southern  margin  of  the 
outer  ridge  seems  to  indicate  that  the  present-day  displacements  do  not  occur 
even  this  far  south.     Perhaps  the  indicated  displacement  took  place  in  the 
early  phase  of  the  trench  formation,   while  the  present  displacements  are 
restricted  to  the  trench  and  the  island  arc. 


ORIGIN   OF   MAGNETIC   STRIATIONS 

More  regional  surveys  and  systematic  seismic  surveys  are 
needed  to  understand  what  the  magnetic  striations  themselves  represent. 
Scripps  investigators  studied  the  magnetic  striations  off  the  west  coast  of 
the  United  States  and  found  no  differences  in  the  seismic  structure  of  the 
magnetic  high  and  low  areas.     More  studies  are  needed  to  determine  whether 
this  characteristic  represents  only  the  local  situation,   or  whether  it  can  be 
accepted  generally.     Raff  (1961)  and  Mason  (1958)  suggested  lava  flows  as 
one  explanation  of  the  anomalies,   but  pointed  out  that  the  linear  pattern  must 
have  a  further  explanation.     They  suggested  that  the  magnetic  patterns 
resemble  stress  patterns,   and  that  what  we  see  may  be  a  fossil  record  of 
ancient  stresses. 

Figure  4  is  an  east-west  section  across  two  magnetic  bands. 
In  preparing  the  basement  model,   it  was  assumed  that  the  magnetic  body  is 
two-dimensional  and  perpendicular  to  the  section,   and  that  its  magnetization 
is  induced  by  the  earth's  present  magnetic  field.     The  figure  shows  that  two 
magnetic  bodies,    separated  by  non-magnetic  material,   can  reproduce  the 
observed  anomalies  without  introducing  a  reversely  magnetized  area  between 
them.     An  apparent  susceptibility  of  10"^cgs  was  used  in  the  calculation.     If, 
in  the  model,   separate  magnetic  bodies  with  the  same  depth  to  the  top,  but  a 
shallower  base  were  assumed,   then  for  each  1  per  cent  decrease  in  thickness 
of  the  body,   a  3  per  cent  increase  in  susceptibility  would  be  required.     If 
reverse  magnetization  and  the  same  effective  susceptibility  for  the  area 
between  the  present  magnetic  bodies  were  assumed,   the  negative  anomalies 
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Figure  4.     Observed  and  calculated  total  magnetic  intensity  profiles 
across  two  magnetic  anomaly  bands,   and  "magnetic 
basement"  model. 


clearly  would  be  too  large;  this  effect  could  be  eliminated  only  by  decreasing 
the  normal  field  and  reducing  the  assumed  effective  susceptibilities.     How- 
ever,  as  it  has  been  shown  earlier,   the  normal  field  is  well  established  for 
this  area,   and  hence  the  above  suggestion  is  improbable. 

These  magnetic  bodies  may  represent  either  ridges  in  the 
basement  rock  material  or  zones  within  the  basement  rock  complex  contain- 
ing more  magnetic  minerals  than   the   neighbouring   rock  mass.     This  latter 
interpretation  was  also  suggested  by  Drake  et  al.   (1963).     The  minerals  may 
be  associated  with  fracture  zones,   and  if  brecciation  is  marked  along  the 
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fractures,    the  average  density  of  the  area  would  be  unchanged,   a  state 
required  by  the  gravity  measurements  available  in  the  area. 


GRAVITY    ANOMALY    MAP 

Figure  5  is  the  free-air  gravity  anomaly  map  from  latitudes 
55  "N  to  49  "N,   and  Figure  6  the  strip  southward  to  latitude  45  °N.    The  isogals 
parallel  the  bottom  topography  of  the  Aleutian  Trench  and  Ridge,   but  farther 
south,   except  in  the  area  between  latitudes  48  °N  and  49  °N  where  there  are  a 
number  of  high  seamounts,    there  is  very  little,    if  any,    correlation  with  the 
bottom  topography,    and  certainly  none  with  the  magnetic  anomaly  bands. 
There  are  three  possible  causes  for  the  lack  of  correlation  in  the  southern 
area: 

1)  The  wide  spacing  of  the  sampling  interval  may  be  the  most  important 
cause.     In  1961  we  did  not  have  the  "direct  gravity  read-out"  LaCoste- 
Romberg  meters  and  we  had  to  measure  slopes  on  the  straight-line  portions 
of  the  record.     Under  optimum  conditions  this  procedure  allowed  four  read- 
ings of  gravity  values  per  hour,   which  represent  a  sample    every  4  nautical 
miles.     Actually,   three  samples  per  hour  was  more  typical  of  the  conditions 
that  existed  during  most  of  this  survey.     It  is  quite  possible,    therefore,    that 
we  did  not  have  gravity  values  over  a  number  of  the  seamounts. 

2)  Perhaps  the  gravity  measurements  (estimated  at  +_  10  mgal)  were  not 
accurate  enough  to  detect  small  density  changes.     The  magnetic  anomaly 
bands  are  large  enough  to  be  well  sampled  by  our  method. 

3)  Perhaps  the  inferred  fracture  zones  with  magnetic  minerals  are  not 
denser  than  other  parts  of  the  crust.     Such  was  found  to  be  the  case  south  of 
the  Aleutian  Trench  over  the  previously  mentioned  magnetic  discontinuity 
("trench  anomaly"),   where  generally  the  data  quality  and  the  controls  are  the 
best  for  the  whole  area. 

We  believe  that  while  the  first  suggested  cause  is  the  best 
explanation  for  the  absence  of  correlation  between  the  bottom  topography  and 
the  free-air  map,   the  combination  of  the  second  and  third  causes  is  the  best 
probable  explanation  for    the    absence  of  correlation  between  the  gravity  and 
the  magnetic  anomalies. 


MODELS   OF   CRUSTAL  STRUCTURE 

Figure  7  shows  a  profile  of  the  total  magnetic  intensity 
anomaly  across  the  Aleutian  Trench,   and  a  "magnetic  basement"  model 
computed  as  before.     The  assumed  induced  magnetization  provides  a  good 
fit  between  computed  and  observed  values.     A  better  fit  of  the  small  anomaly 
over  the  continental  slope  would  have  resulted  had  we  assumed  a  body  (con- 
sisting of  5 . 4  km/sec  material)  simiilar  but  smaller  than  the  one  in  the  centre 
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Figure  4.     Observed  and  calculated  total  magnetic  intensity  profiles 
across  two  magnetic  anomaly  bands,    and  "magnetic 
basement"  model. 


clearly  would  be  too  large;  this  effect  could  be  eliminated  only  by  decreasing 
the  normal  field  and  reducing  the  assumed  effective  susceptibilities.     How- 
ever,  as  it  has  been  shown  earlier,   the  normal  field  is  well  established  for 
this  area,   and  hence  the  above  suggestion  is  improbable. 

These  magnetic  bodies  may  represent  either  ridges  in  the 
basement  rock  material  or  zones  within  the  basement  rock  complex  contain- 
ing more  magnetic  minerals  than   the   neighbouring   rock  mass.     This  latter 
interpretation  was  also  suggested  by  Drake  et  al.   (1963).     The  minerals  may 
be  associated  with  fracture  zones,   and  if  brecciation  is  marked  along  the 
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fractures,   the  average  density  of  the  area  would  be  unchanged,    a  state 
required  by  the  gravity  measurements  available  in  the  area. 


GRAVITY    ANOMALY    MAP 

Figure  5  is  the  free-air  gravity  anomaly  map  from  latitudes 
55  °N  to  49  °N,    and  Figure  6  the  strip  southward  to  latitude  45  °N.    The  isogals 
parallel  the  bottom  topography  of  the  Aleutian  Trench  and  Ridge  ,   but  farther 
south,   except  in  the  area  between  latitudes  48  "N  and  49  °N  where  there  are  a 
number  of  high  seamounts,   there  is  very  little,   if  any,    correlation  with  the 
bottom  topography,    and  certainly  none  with  the  magnetic  anomaly  bands. 
There  are  three  possible  causes  for  the  lack  of  correlation  in  the  southern 
area: 

1)  The  wide  spacing  of  the  sampling  interval  may  be  the  most  important 
cause.     In  1961  we  did  not  have  the  "direct  gravity  read-out"  LaCoste- 
Romberg  meters  and  we  had  to  measure  slopes  on  the  straight-line  portions 
of  the  record.     Under  optimum  conditions  this  procedure  allowed  four  read- 
ings of  gravity  values  per  hour,   which  represent  a  sample    every  4  nautical 
miles.     Actually,   three  samples  per  hour  was  more  typical  of  the  conditions 
that  existed  during  most  of  this  survey.     It  is  quite  possible,    therefore,   that 
we  did  not  have  gravity  values  over  a  number  of  the  seamounts. 

2)  Perhaps  the  gravity  measurements  (estimated  at  +^  10  mgal)  were  not 
accurate  enough  to  detect  small  density  changes.     The  magnetic  anomaly 
bands  are  large  enough  to  be  well  sampled  by  our  method. 

3)  Perhaps  the  inferred  fracture  zones  with  magnetic  minerals  are  not 
denser  than  other  parts  of  the  crust.     Such  was  found  to  be  the  case  south  of 
the  Aleutian  Trench  over  the  previously  mentioned  magnetic  discontinuity 
("trench  anomaly"),   where  generally  the  data  quality  and  the  controls  are  the 
best  for  the  whole  area. 

We  believe  that  while  the  first  suggested  cause  is  the  best 
explanation  for  the  absence  of  correlation  between  the  bottom  topography  and 
the  free-air  map,   the  combination  of  the  second  and  third  causes  is  the  best 
probable  explanation  for    the    absence  of  correlation  between  the  gravity  and 
the  magnetic  anomalies. 


MODELS   OF   CRUSTAL  STRUCTURE 

Figure  7  shows  a  profile  of  the  total  magnetic  intensity 
anomaly  across  the  Aleutian  Trench,   and  a  "magnetic  basement"  model 
computed  as  before.     The  assumed  induced  magnetization  provides  a  good 
fit  between  computed  and  observed  values.     A  better  fit  of  the  small  anomaly 
over  the  continental  slope  would  have  resulted  had  we  assumed  a  body  (con- 
sisting of  5 . 4  km/sec  material)  similar  but  smaller  than  the  one  in  the  centre 
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Figure  5.     Free-air  gravity  map  of  Aleutian  Trench  and  outer  ridge  south- 
west  of  Kodiak  Island.     Contour  interval  10  gammas. 


Figure  6,     Free-air  gravity  map  of  area  south  of  outer  ridge.     Contour 
interval  10  gammas.     Figures  5  and  6  overlap  between 
latitudes  49  °N  and  Sl^SO'N. 
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of  the  trench.     This  anomaly  parallels  the  shelf  break  and  becomes  much 
larger  farther  east,   where  magnetic  anomalies  are  500  gammas  and  gravity 
anomalies  are  as  high  as  +160  mgals.     It  probably  represents  a  "basement 
ridge"  typically  found  under  continental  margins.     The  fit  is  poor  near 
latitude  53  °N,   even  though  the  assumed  top  of  the  magnetic  material  was 
lowered  to  10  kilometres.     The  magnetic  map  of  Figure  IB  shows  that  the  top 
of  the  magnetic  material  lies  above   10  kilometres,   because  the  negative 
anomaly  is  caused  by  a  different  body  located  southwest  of  the  area.     This 
feature  also  shows  up  in  Figure  8,   which  is  a  model  of  possible  crustal 
structure  along  the  same  profile.     The  magnetic  horizon  is  everywhere  within 
the  5.4  km/sec  seismic  layer,   with  the  exception  of  the  area  near  latitude 
53"'30'N,   where  it  was  not  necessary  to  lower  the  top  of  the  magnetic 
material. 


Figure  7.     Observed  and  calculated  total  magnetic  intensity  profiles 

across  the  Aleutian  Trench  and  "magnetic  basement"  model 
southwest  of  Kodiak  Island. 
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Figure  8.     Model  of  crustal  structure  across  the  Aleutian  Trench  south- 
west of  Kodiak  Island  calculated  from  gravity,    seismic,   and 
magnetic  data.     Profiles  are  observed  and  calculated  free-air 
gravity  values. 
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The  magnetic  body  between  150  and   180  kilometres  on  Figure 
7  must  be  interpreted  as  a  magnetization  discontinuity  or  a  zone  containing 
magnetic  minerals  within  the  5.4  km/sec  layer,   because  when  in  the  first 
gravity  calculation  we  used  the  6.6  km/sec  layer  (similar  to  the  body  in  the 
centre  of  the  trench),    a  large  positive  gravity  anomaly  appeared  over  the 
magnetic  body  which  is  not  present  in  the  measured  profile.     We  could  have 
compensated  for  it  by  depressing  the  6.6  km/sec  layer  into  the  mantle,   but 
since  we  lack  seismic  control  south  of  the  trench,   we  preferred  to  keep  the 
layers  smooth  as  in  the  earlier  interpretation. 

In  the  model  of  crustal  structure  of  Figure  8,   the  black  dots 
indicate  control  points  on  horizons  interpolated  from  the  seismic  profiles  of 
Shor  (1962),    located  approximately  50  kilometres  to  the  east  and  50  kilo- 
metres to  the  west  of  our  survey  area.     The  control  points  were  connected 
with  straight  lines  and,  just  as  it  was  indicated  by  the  magnetic  anomalies, 
a  ridge- like  feature,   most  likely  in  the  5.4  km/sec  layer,   must  be  postulated 
to  obtain  a  better  fit  of  the  gravity  values  over  the  continental  shelf. 

The  interesting  part  of  this  structure  is  that  we  were  able  to 
introduce  the  high-density  2.95  gm/cc  layer  under  the  magnetic  anomaly  in 
the  centre  of  the  trench,   and  still  had  to  raise  the  mantle  interface  quite  high 
to  fit  the  free -air  data. 

If  we  had  assumed  an  average  crustal  density  and  ignored  the 
interpolated  seismic  horizons,   we  would  still  face  the  same  problems:  a 
high-density  structure  under  the  continental  shelf  and  the  top  of  the  mantle 
even  higher  than  in  Figure  8.     Right  now,   both  the  2.95  and  3.3  gm/cc  layers 
are  compensating  for  the  effect  of  water  (or  mass  deficiency)  in  the  trench. 
Since  using  an  average  crustal  density  in  our  calculations  would  eliminate  the 
2.95-2.7  gm/cc  contrast  under  the  trench,   the  top  of  the  mantle  would  have 
to  be  raised  slightly.     In  view  of  the  seisnnic  control  near  the  centre  of  the 
trench,   we  do  not  believe  that  raising  the  mantle  any  higher  would  be  just- 
ified.    We  suggested  (Peter  et  al.  ,    1965)  that  there  is  a  fissure  (100  miles 
long  and  10  miles  wide)  under  the  trench,   and  that  the  area  between  the  150 
and  180  kilometres  is  more  likely  a  fracture  zone  without  appreciable 
increase  in  crustal  density.     Of  course,   this  is  only  one  of  many  possible 
interpretations.     The  crustal  structure  changes  farther  west,   as  can  be  seen 
in  magnetic  and  gravity  profiles  of  Figure  3. 

In  Figure  8,   the  gravity  minimum  lies  north  of  the  present-day 
trench  and  probably  is  located  over  the  original  structural  trench  cLxis  which, 
by  sediment  filling  derived  from  the  north,   moved  southw'ard.     In  other 
words,   the  gravity  anomaly  shows  the  location  of  the  structural  axis  of  the 
trench,  which  may  not  be  the  same  as  the  present  topographic  axis. 
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SUMMARY 

The  U.S.   Coast  and  Geodetic  Survey  is  committed  to  the 
Ocean  Survey  Plan,   and  will  continue  with  the  systematic  exploration  of  the 
North  Pacific.     With  the  expansion  of  our  survey  fleet,    similar  systematic 
surveys  will  be  initiated  in  other  oceanic  areas. 

Perhaps  we  have  carried  our  interpretation  of  the  magnetic 
bands  too  far  and  have  presented  what  may  be  a  one-sided  view.     The  objec- 
tives of  this  report  were  not  an  undisputable  geophysical  interpreation,   but 
to  show:   1)  that  the  magnetic  anomalies  are  distributed  in  an  orderly  fashion 
in  the  Northeast  Pacific;  2)  that  there  are  no  readily  apparent  geological 
explanations  for  the  cause  of  the  parallelism,   in  contrast  to  parallel  mag- 
netic bands  of  mid-oceanic  ridges  and  continental  margins;  and  3)  how  these 
bands  change  direction  as  they  approach  the  Aleutian  Trench. 

Also  I  would  like  to  suggest:   1)  that  a  search  for  these 
anomaly  bands  be  initiated  in  other  oceans;  and  2)  that  a  detailed  study  be 
initiated  to  find  a  geological  explanation  for  these  bands. 
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DISCUSSION 

Dr.    E.   Irving  (Canada)  stated  that  numerous  results  from  basalts   showed  an 
average  remanent  intensity  value  for  continental  basalts  of  about  2  x  10"^ 
gauss/cm-^  and  for  basalts  from  oceanic  islands  about  5  x  10"3  gauss/cm^. 
Oceanic  anomalies  require  intensities  of  the  latter  magnitude  or  higher. 
They  may  arise  from  basalt,   but  they  may  also,   as  Dr.   Ringwood  has 
privately  suggested,   be  caused  by  low-grade  metannorphic  rocks  (glaucophane 
schist  facies)  which  are  rich  in  magnetite.     It  would  be  interesting  to  make 
comparisons  here  with  results  from  Precambrian  greenstones  to  see  if  they 
have  the  required  high  intensities. 

Prof.   T.   Nagata  (Japan) 

The  apparent  susceptibility  of  basalt  of  about  10~^cgs  units 
requires  approximately  4.2  per  cent  volume  content  of  magnetite.     This 
percentage  is  not  weight  content.     Is  this  right,   Dr.   Kuno? 

Prof.   H.   Kuno  (Japan) 

Yes,   oceanic  basalts  have  about  5  per  cent  volume  of  mag- 
netite and  titaniferous  magnetite. 

Prof.   T.F.  Gaskell  (UK) 

May  I  ask  Mr.  Peter  what  is  the  present  form  of  this  United 
States  national  plan  for  ocean  surveys?  Does  this  include  the  universities, 
or  is  it  primarily  a  plan  of  the  U.S.   Coast  and  Geodetic  Survey  group? 

Mr.   Peter 

I  am  not  sure  that  I  should  attempt  to  answer  this  question, 
because  I  do  not  know  all  the  details.     The  Ocean  Survey  Plan  was  first 
suggested  by  the  National  Academy  of  Sciences  Committee  on  Oceanography, 
and  was  accepted  by  the  Interagency  Committee  on  Oceanography.     The  plan 
called  for  a  coordinated  effort  of  the  U.S.   Government  agencies  to  explore 
the  oceans  of  the  world.     It  is  true  that  the  program  progresses  very  slowly 
and,   to  date,   only  the  Coast  and  Geodetic  Survey  is  actively  engaged  in 
pursuing  the  program. 
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A  group  of  magnetic  anomaly  bands  near  the  western  boundary  of  the  'north-south'  mag- 
netic hneations  have  been  traced  across  the  major  fracture  zones  of  the  northeast  Pacific  from 
the  Aleutian  trench  to  the  latitude  of  Hawaii.  The  anomaly  bands  are  parallel  to  each  other 
and  strike  163°.  Recent  studies  of  bathymetric  data  and  these  magnetic  anomalies  revealed 
the  existence  of  a  new  fracture,  named  Surveyor  fracture  zone,  400  km  north  of  the  Mendocino 
fracture  zone.  The  magnetic  anomaly  bands  indicate  a  305-km  right-lateral  strike-slip  motion 
along  the  Surveyor  fracture  zone.  The  trend  of  the  magnetic  anomalies,  the  bathymetry,  and 
the  fracture  pattern  of  the  crust  in  the  crestal  area  of  the  East  Pacific  rise  (off  the  west  coast 
of  the  North  American  continent)  are  significantly  different  from  those  observed  in  the  cen- 
tral northeast  Pacific. 


Linear  magnetic  anomalies  and  their  offsets 
caused  by  a  number  of  fracture  zones  in  the 
northeast  Pacific  Ocean  have  been  discussed  in 
detail  by  Mason  [1958],  RafJ  [1961],  Vacquier 
et  al.  [1961],  Mason  and  Raff  [1961],  Raff  and 
Mason  [1961],  RafJ  [1962, 19Q6],  Menard  [1964, 
1966],  and  Vacquier  [1965].  From  studies  of 
the  magnetic  data  obtained  by  the  Coast  and 
Geodetic  Survey's  Project  Seamap  and  addi- 
tional data  on  east-west  tracklines  between  Seat- 
tle (or  San  Francisco)  and  the  project  area, 
earlier  results  have  been  extended  and  partially 
revised. 

Most  of  the  magnetic  anomalies  have  been 
traced  from  28°N  to  41  °N  by  Vacquier  [1965], 
and  it  has  been  shown  that  similar  magnetic 
anomaly  bands  exist  all  the  way  north  to  the 
southern  wall  of  the  Aleutian  trench  [Peter  and 
Stewart,  1965].  These  later  results  were  based 
on  magnetic  data  obtained  on  north-south  track- 
lines  spaced  approximately  18  km  apart  be- 
tween 155°50^  and  158°40'W,  and  between 
55°N  and  45°N  (Figure  1).  Additional  mag- 
netic and  bathymetrie  data  obtained  with  simi- 
lar control  were  contoured  in  1965,  and  con- 
tour maps  of  the  sea  floor  and  the  magnetic 
anomalies  were  plotted  for  the  region  bounded 
by  45°N,  35°30'N,  156°W,  and  157°W  [Peter 
etal,  1966]. 

The  new  maps  reveal  several  significant  re- 
sults. The  most  important  is  the  discovery  of 


a  new  fracture  approximately  400  km  north  of 
the  Mendocino  fracture  zone  (Figure  2).  It  ex- 
tends in  a  northeast-southwest  direction  (strike 
70°)  and  is  defined  by  a  ridge  approximately 
20  km  wide  and  800  m  high.  An  associated 
trough  to  the  north  is  approximately  30  km 
wide  and  400  m  deep. 

Although  only  a  160-km-long  segment  of  the 
fracture  zone  was  surveyed  in  detail,  additional 
bathymetric  data  indicate  that  it  extends  at 
least  from  145 °W  to  170 °W  [USCGS  unpub- 
lished soundings,  and  Hurley,  I960].  The  pro- 
posed name  for  the  feature,  Surveyor  fracture 
zone,  has  been  accepted  by  the  Board  on  Geo- 
graphic Names. 

Another  discovery  is  that  individual  anoma- 
lies (anomaly  bands)  can  be  recognized  from 
the  Aleutian  trench  southward  to  25°N,  over  a 
distance  of  3000  km.  These  anomaly  bands 
striking  at  approximately  163°,  are  remarkably 
parallel  throughout  this  great  distance. 

The  Mendocino  fracture  zone  between  156°W 
and  158°W  is  70  to  100  km  wide  and  forms  a 
bottom  relief  that  resembles  a  graben  and  horst 
structure.  The  strike  of  this  structure  is  70°, 
and,  regardless  of  the  topographic  prominence 
of  some  of  the  ridges,  no  magnetic  anomalies  are 
associated  with  them.  There  are  east-west 
bathymetric  and  magnetic  lineations  south  of 
the  Mendocino  fracture  zone  (the  magnetic  field 
is  relatively  smooth),  but  checks  on  additional 
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Fig.  1.    Control  lines,  typical  of  Project  Seamap,  in  an  area  south  of  the  Aleutian  trench. 
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magnetic  data  in  this  area  reveal  that  along 
36°N  the  'north-south'  hneations  reappear  east 
of  150°W  [Peter  etal.,  1966]. 

Figures  3a  and  36  show  the  typical  magnetic 
anomaly  pattern  for  an  area  south  of  the  Aleu- 
tian trench.  By  coincidence,  this  magnetic  sur- 


vey covered  those  NNW-SSE  hneations  that  are 
part  of  a  pattern  in  which  the  individual  anom- 
alies do  not  change  shape  for  long  distances. 
This  pattern  is  shown  on  the  eastern  half  of 
Figure  4.  From  a  number  of  correlating  anom- 
alies (dotted  hues),  five  were  selected  which  can 


158°  157°  156° 

Fig.  3a.    Anomalies  of  magnetic  total  intensity  for  an  area  south  of  the  outer  ridge  of  the 
Aleutian  trench.  Contour  interval  100  7;  1  7  =  10"*^  oe. 
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be  traced  with  exceptional  fidelity.  Starting  on 
the  eastern  end  of  Figure  4,  the  five  anomalies 
consist  of  two  distinct  isolated  peaks  (the  two 
easterly  lineations  in  Figure  36),  which  are  fol- 
lowed by  three  other  characteristic  peaks.  The 
two  side  peaks  of  this  second  group  are  sharp, 
and  the  center  peak  has  a  broad  flat  top.  These 


anomalies  can  be  recognized  on  the  east-west 
magnetic  profiles  (Figure  5). 

For  clarity  in  Figure  6,  only  the  extent  of  the 
two  easterly  peaks  is  shown.  The  peaks  are  rep- 
resented by  two  parallel  lines  which  were  es- 
tablished from  maps  like  Figure  1  and  a  num- 
ber of  east-west  tracklines  (Figure  5). 
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Fig.  36.    Southward  continuation  of  Figure  3a. 
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Fig.  4.    Profiles  of  the  ocean  floor  and  the  corresponding  magnetic  anomahes  along  two  east- 
west  trackhnes  (upper  set:  along  36°30'N;  lower  set:  along  35°30'N). 


The  trend  of  the  magnetic  anomalies  south  of 
the  Surveyor  fracture  zone  (Figure  2)  agrees 
with  that  shown  north  of  this  feature  (Figures 
3a  and  36).  It  is  also  shown  that  the  anomaly 
bands  continue  along  the  same  trend  until  they 
rench  the  Surveyor  fracture  zone.  If  the  same 
is  true  for  areas  south  of  the  Mendocino  frac- 
ture zone  (on  the  northern  side  of  this  zone 
detailed  surveys  prove  this  statement,  but  the 
only  available  profiles  to  the  south  are  east- 
west  profiles  which  may  be  50  to  80  km  away 
from  the  fracture  zones),  then  the  strike  direc- 
tion should  be  taken  into  account  in  the  meas- 
urement of  the  relative  displacements  along  the 
various  fracture  zones.  This  is  especially  im- 
portant when  the  east-west  control  lines  are  far 
away  from  the  fracture  zones.  On  the  basis  of 
the  anomahes  selected  (Figure  6),  the  relative 
displacements  at  the  various  fracture  zones  are 
estimated  to  be  305  km  at  Surveyor,  1020  km 
at  Mendocino,  150  km  at  Pioneer,  and  750  km 
at  Murray. 

The  sharp  bend  in  the  trends  near  51  °N, 
158°W  (Figure  3a),  may  indicate  a  left-lateral 
displacement  of  over  185  km  at  the  southern 
margin  of  the  outer  ridge  of  the  Aleutian 
trench  [Peter  and  Stewart,  1965].  If  it  is  as- 
sumed that  the  strike  direction  of  the  anomaly 
bands  is  constant  between  the  Pioneer  and 
Murray  fracture  zones  (as  observed  elsewhere), 
another  small  displacement  may  exist  in  the 
vicinity  of  34°30'N,  141  °W.  This  latter  dis- 
placement  is  questionable  at  present  because 


only  one  trackline  is  available  for  analysis  be- 
tween 34°N  and  the  Murray  fracture  zone.  The 
apparent  discrepancy  between  this  trackline  and 
the  other  lines  is  significant  enough  to  warrant 
mention. 

It  appears  from  Figures  4  and  5  that  a  crustal 
segment  400  to  800  km  wide  contains  lineations 
parallel  to  those  shown  in  Figure  6.  When 
plotted  on  a  globe,  these  anomaly  bands  are 
parallel  to  each  other  and  strike  in  the  same 
general  direction  (163°).  The  apparent  difi"er- 
ence  in  the  strike  of  the  anomaly  bands  be- 
tween the  Mendocino  and  Murray  fracture 
zones  (Figure  6)  is  due  to  the  distortion  of  the 
Mercator  chart.  The  anomaly  bands  appear  to 
have  been  formed  along  a  near  great-circle 
path;  in  an  area  such  as  Figure  4,  however, 
they  can  be  approximated  by  straight  lines  be- 
tween the  various  fracture  zones. 

The  location  of  the  western  boundary  of  the 
magnetic  anomaly  bands  depends  on  individual 
interpretation.  As  shown  in  Figures  3a,  36,  and 
2,  certain  anomaly  bands  have  short  interrup- 
tions and  occasionally  are  distorted  by  the  mag- 
netic effect  of  seamounts.  On  the  basis  of  Figure 
6,  taking  the  above  possibilities  into  account, 
we  selected  150°W  as  the  western  boundary 
of  the  magnetic  lineations  along  36°N.  {RafJ 
[1966]  indicated  152°W  for  this  boundary.) 
On  the  basis  of  the  observed  consistency  in  the 
magnetic  anomaly  pattern,  the  western  bound- 
ary of  the  anomaly  bands  in  the  north  ^n^'t 
Pacific  can  be  expected  at  approximately      ■> 
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Fig.  6.  Magnetic  anomaly  trends  and  fracture  pattern  in  part  of  the  northeast  Pacific 
Ocean.  Black  dots  indicate  the  locations  where  the  two  'guide'  anomalies  have  been  identified 
on  east-west  tracklines.  The  'east-west'  fracture  zones  are  represented  by  segments  of  straight 
lines;  their  actual  cross  section  (width)  varies  between  30  and  100  km  in  this  area. 


km  west  of  the  left  'guide'  anomaly  band  shown 
in  Figure  6. 

The  magnetic  profiles  published  by  RafJ 
[1966]  and  those  shown  in  Figure  4  indicate 
that  at  the  western  boundary  of  the  anomaly 
bands  the  magnetic  field  becomes  relatively 
smooth.  The  bathymetry  may  also  show  cor- 
relation with  this  boundary.  There  is  a  50-m,  a 
100-m,  and  another  50-m  abrupt  elevation 
change  in  the  ocean  floor  at  arrows  1,  2,  and  3, 
respectively,  in  Figure  4.  These  steps  all  lie 
along  the  same  trend  as  the  anomaly  bands. 
Arrow  4  indicates  a  broad  depression  (approxi- 
mately 200  km  wide),  which  also  appears  to 


extend  along  the  same  trend  as  the  anomaly 
bands.  Additional  data  are  required  to  deter- 
mine whether  this  correlation  is  a  coincidence 
or  is  characteristic  of  other  areas  at  the  west- 
ern boundary  of  the  anomaly  bands. 

North  of  the  Surveyor  fracture  zone  and 
south  of  the  Murray  fracture  zone  the  corre- 
sponding anomaly  bands  are  essentially  in  per- 
fect alignment  (87-km  discrepancy  for  a  dis- 
tance of  over  1500  km).  Although  the  shape  of 
the  magnetic  anomalies  is  somewhat  different, 
probably  as  a  result  of  tlie  relative  nearness  of 
the  magnetic  equator,  the  anomaly  bands  de- 
scribed in  connection  with  Figure  4  can  be  rec- 
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ognized  in  a  profile  south  of  the  Molokai  frac- 
ture zone  [Raff,  1966].  On  the  basis  of  this 
profile,  there  appears  to  be  a  similarly  good 
alignment  (along  the  same  trend)  between  the 
corresponding  anomaly  bands  north  of  the 
Murray  and  south  of  the  Molokai  fracture 
zones. 

Because  the  anomaly  bands  have  a  distinct 
western  boundary,  it  appears  that  the  East 
Pacific  rise  and  the  anomaly  bands  are  some- 
how related.  It  must  be  pointed  out,  however, 
that  the  anomaly  bands  over  an  approximately 
2000-km-wide  area  eastward  of  their  western 
boundary  are  different  from  those  over  the  crest 
of  the  East  Pacific  rise.  Heirtzler  and  Le  Pichon 
[1965]  made  the  important  distinction  between 
the  anomalies  of  symmetrical  shape  and  slowly 
diminishing  amplitude  that  are  found  over  the 
crest  of  the  oceanic  ridges  and  the  constant- 
amplitude,  broader  anomalies  that  are  found 
over  their  flanks.  Although  the  parallelism  is 
unquestionable  between  the  topographic  trends 
of  the  ridge  and  the  'ridge  anomalies,'  it  cannot 
necessarily  be  extended  to  the  'flank  anomalies.' 
In  the  area  shown  in  Figure  6  and  in  the  area 
south  of  New  Zealand  [Christoffel  and  Ross, 
1965],  the  angle  between  the  ridge-crest  and  the 
flank  anomahes  is  more  than  30°  in  some  places. 

The  flank  anomaly  bands  not  only  form  an 
angle  with  the  crest  but  also  vary  considerably  in 
their  distance  from  the  present  ridge  crest.  The 
distance  between  the  left  anomaly  band  shown 
in  Figure  6  and  the  crest  of  the  East  Pacific  rise 
was  measured  along  four  latitudes  where  the 
crest  is  well  defined  on  the  basis  of  bathymetry, 
magnetic  anomalies,  and  other  geophysical  data. 
The  results  (Table  1)  indicate  that  the  distance 
of  the  two  features  is  approximately  doubled 
between  45°N  and  21  °N. 


TABLE  1.     Distance  between  a  Selected  Anomaly 

Band  and  the  Crest  of  the  East  Pacific  Rise 

in  the  Northeast  Pacific 


Approximate 

Location, 

Distance, 

°N 

km 

45 

1940 

41 

2500 

30 

3240 

21 

3950 

A  detailed  discussion  of  these  observations 
and  their  implications  on  the  hypotheses  of  the 
formation  of  the  East  Pacific  rise  wiU  be  the 
subject  of  another  paper.  At  this  time  it  is 
only  noted  that  the  recognition  of  identical 
anomaly  bands  extending  from  the  Aleutian 
trench  to  the  latitude  of  Hawaii  (and  possibly  to 
the  South  Pacific;  W.  C.  Pitman,  personal  com- 
munication) appears  to  support  earher  views 
that  these  anomaly  bands  may  represent  zones 
of  crustal  weakness  formed  by  ancient  stresses 
[Mason,  1958;  Raff,  1961].  The  flank-type 
anomaly  bands  at  one  time  may  have  extended 
over  the  entire  area  of  the  East  Pacific  rise  and 
may  have  lost  their  original  characteristics  in 
the  crestal  area  as  a  result  of  subsequent  tec- 
tonic activity  associated  with  the  formation  of 
the  crest.  It  is  suggested  that  the  anomaly  bands 
now  located  over  the  flank  of  the  rise  were 
formed  before  the  fracture  zones  and  before  the 
East  Pacific  rise,  rather  than  that  all  three  are 
the  result  of  concurrent  tectonic  processes  in 
the  crust  and  upper  mantle. 
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A  Reconnaissance  Geophysical  Survey  in  the  Andaman  Sea 
and  across  the  Andaman-Nicobar  Island  Arc 

G.  Peter,  L.  A.  Weeks,  and  R.  E.  Burns 
U .  S.  Coast  and  Geodetic  Survey,  Rockville,  Manjland 

Abstract.  A  marine  geoph.ysical  study  of  the  Andaman  Sea  has  been  conducted  as  part  of 
the  International  Indian  Ocean  Expedition.  A  combination  of  magnetic,  gravity,  bathymetric, 
and  sea-floor  heat-flux  measurements,  seismic  sparker  reflection  profiles,  and  bottom  sediment 
samples  has  been  used  in  a  study  of  the  seaward  continuity  of  major  subaerial  tectonic  trends. 
The  data  indicate  positive  continuity  of  the  structural  trend  of  the  Barisan  Range  of  northern 
Sumatra  and  the  Burma  Range.  It  was  found  that  the  central  graben  of  the  Barisan  Range  of 
nortiiern  Sumatra  extends  into  the  Andaman  Sea  north  to  latitude  10°N.  A  previously  un- 
reported interdeep  has  been  observed  between  the  outer  sedimentary  island  arc  and  the  inner 
igneous  trend  of  the  major  primary  arc  which  forms  the  western  boundary  of  the  Andaman 
Sea.  Continental  thickness  of  the  crust  is  indicated  under  the  sedimentary  island  platform.  In 
the  area  of  the  backdeep,  the  north-northeast  trends  of  the  Malaysian  peninsula  are  prominent. 


Introduction.  As  part  of  its  participation  in 
the  International  Indian  Ocean  Expedition,  the 
U.  S.  Coast  and  Geodetic  Survey  Ship  Pioneer 
conducted  a  reconnaissance  geophysical  survey 
in  the  Andaman  Sea  and  across  the  Andaman- 
Nicobar  island  arc  (Fissure  i ).  The  basic  survey 
consisted  of  a  major  series  of  simultaneous  meas- 
urements (with  the  ship  underway)  of  the 
earth's  magnetic  and  gravity  fields.  These  were 
supplemented  by  the  continuous  recording  of 
water  depth,  a  series  of  sub-bottom  seismic  re- 
flection profiles,  and  associated  programs  of 
sea-floor  heat-flux  measurements  and  bottom 
sediment  sampling. 

Measurements  of  the  magnetic  field  were  made 
with  a  towed  Varian  proton-precession  mag- 
netometer which  measures  the  total  intensity 
of  the  earth's  magnetic  field  with  a  sensitivity 
of  ±1  y.  The  sensing  unit  was  towed  far  enough 
behind  the  ship  to  keep  the  ship's  influence 
smaller  than  ±5  y.  Because  of  the  location  of 
the  survey  area  on  the  geomagnetic  equator, 
the  measurements  were  subject  to  diurnal  vari- 
ation as  high  as  ±35  y.  On  the  other  hand, 
short-period  variations  related  to  magnetic 
storms  appear  to  be  absent  from  the  record, 
since  the  U.  S.  Coast  and  Geodetic  Survey 
Honolulu  Magnetic  Observatory  records  indi- 
cate that  the  survey  was  conducted  during  a 
quiet  period. 

The  gravity  measurements  were  made  with  a 
LaCoste-Romberg   air-sea   gravity  meter.   The 


performance  of  the  gravity  meter  was  checked 
at  the  San  Francisco  gravity  meter  evaluation 
range  both  before  and  after  the  Indian  Ocean 
operations.  These  checks  indicate  that  rms 
errors  are  smaller  than  ±5  mgal  when  the  seas 
are  calm  (Browne  corrections  smaller  than  100 
mgal).  Because  the  average  Browne  correction 
during  the  Andaman  Sea  operations  was  ap- 
proximately 50  mgal  and  frequently  was  smaller 
than  10  mgal,  the  data  are  considered  to  be  ac- 
curate within  the  ±5  mgal  limit. 

A  continuous  record  of  water  depth  was  ob- 
tained W'ith  the  precision  depth  recorder  (PDR) 
during  all  underway  operations.  The  bathy- 
metric profiles  in  this  report  represent  uncor- 
rected soundings  obtained  from  the  PDR  record 
for  points  of  inflection  and  gradient  changes 
in  the  indicated  bottom  slopes. 

The  seismic  reflection  profiles  were  obtained 
with  a  Rayflex  sparker,  using  a  20,000-joule 
electrical  spark  as  a  sound  source.  The  spark 
source  was  towed  about  100  m  behind  the  ship 
and  was  energized  every  4  sec.  The  hydrophone 
array  consisted  of  20  hydrophones  spaced  about 
4.5  m  apart  and  enclosed  in  a  long  plastic  tube 
filled  with  diesel  oil.  The  oil-filled  tube  pro- 
vided neutral  buoyancy  during  towing,  and 
minimized  the  water  noise  around  the  hydro- 
phones. The  reflected  signal  received  by  the 
hydrophone  array  was  recorded  both  on  paper 
strip  chart  and  on  magnetic  tape.  On  the  re- 
flection  profiles   presented   in   this   report,   the 


495 


496 


PETER,  WEEKS,  AND  BURNS 


ANDAMAN     SEA 
Fig.  1.    General  location  chart. 
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form  lines  of  structures  and  faults  were  in- 
terpreted from  the  original  records.  The  hori- 
zontal scale  on  the  sections  is  based  on  30-min 
fix  positions  at  a  ship's  speed  of  about  10 
km/hr.  Each  fix  point  marked  on  the  sections 
is  30  min  from  the  adjacent  fix  regardless  of  the 
specific  number  assigned  to  it.  Because  of  the 
small  speed  changes  in  the  various  parts  of  the 
sections,  the  assigned  distance  scale  must  be 
considered  only  approximate.  The  vertical  scale 
is  Ld  meters,  so  the  first  reflection  can  be  related 
directly  to  bath5Tnetric  profiles.  This  scale  was 
based  on  an  assumed  sound  velocity  of  1.6 
km/sec,  and  the  depths  indicated  for  the  sub- 
bottom  horizons  are  probably  deeper  by  as 
much  as  40%. 


The  measurements  of  sea-floor  heat  flux  were 
made  in  association  with  the  bottom  sediment 
sampling  program.  Bottom  sediment  samples 
were  collected  with  several  types  of  coring,  grab, 
and  dredge  sampling  devices.  The  results  of  the 
heat-flux  measurements  have  been  reported  sep- 
arately [Burns  1964],  and  the  detailed  descrip- 
tion of  the  bottom  sediment  composition  and 
distribution  will  be  the  topic  of  another  paper. 

Geologic  and  tectonic  framework.  The  prin- 
cipal objective  of  the  reconnaissance  geophysical 
survey  in  the  Andaman  Sea  was  to  examine  the 
seaward  continuity  of  the  major  geologic  trends 
of  this  area.  These  trends  are  schematically  in- 
dicated in  Figure  2,  which  is  based  on  a  geo- 
logic map  prepared  by  the  Geological  Survey 


90° 


100° 


Fig.  2.    Major  geologic  trends  around  the  Andaman  Sea. 
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of  the  Federation  of  Malaya  [Alexander,  1962] . 
A  generalized  representation  of  the  principal 
bathymetric  features  of  the  area  (Figure  3)  has 
been  compiled  from  several  sources,  including 
the  bathymetric  program  of  the  Pioneer. 

The  dominant  structural  features  in  this  area 
are  related  to  the  Indonesian  arc,  which  is  part 
of  the  system  of  young  primary  arcs  of  South- 
east Asia.  The  field  program  of  the  Pioneer  was 
designed  to  provide  a  series  of  traverses  of  the 
Andaman  Sea  from  the  Mergui  archipelago  in 
the  east  and  extending  westward  across  the 
Andaman-Nicobar  island  arc. 

To  the  east  of  the  Andaman  Sea,  the  geo- 
logic structure  belongs  to  the  fold-mountain 
system  which  extends  from  Burma,  through 
Thailand  and  Malaysia,  and  eastward  into 
Borneo.  The  major  orogeny  of  this  eastern 
folded  belt  occurred  during  the  Triassic  and 
Jurassic  periods. 

The  Indonesian  arc  in  this  area  consists  of  a 
primary  double  arc  with  a  recognized  inner 
volcanic  trend  and  an  outer  sedimentary  arc. 
The  inner  volcanic  trend  is  well  defined  in  cen- 
tral Burma  and  also  in  Sumatra.  It  consists  of 
a  belt,  originally  folded  during  the  Cretaceous, 
which  developed  during  the  late  Tertiary  and 
Quaternary  into  a  volcanic  arc  system  that  is 
still  marked  by  active  volcanism.  In  Sumatra 
this  volcanic  trend  is  represented  by  the  Barisan 
Range,  which  is  split  longitudinally  by  the 
Semangko  fault,  a  garben  or  rift  valley  extend- 
ing the  full  length  of  Sumatra  (Figure  2).  In 
northern  Sumatra  the  trend  of  the  fault  zone  is 
identified  by  the  Atjeh  garben  which  extends 
offshore  into  the  Andaman  Sea.  On  both  sides 
of  the  garben  there  are  members  of  the  pre- 
Tertiary  and  Lower  Tertiary  block  mountain 
system,  composed  mainly  of  metamorphic  rocks 
with  diabase  and  serpentine.  On  the  northeast 
side  of  the  graben  there  are  additional  young 
volcanic  rocks,  which  are  generally  identified  as 
andesite  effusives.  On  the  basis  of  reports  of 
recent  volcanic  activity  in  the  Barren  and 
Narcondam  Islands,  it  has  been  postulated  that 
this  volcanic  trend  extends  through  these  islands 
northward  to  Burma.  In  Burma,  a  major  fault 
zone  separates  the  Triassic-Jurassic  fold-moun- 
tain system  of  eastern  Burma  from  the  Cre- 
taceous Burma  Range. 

The  only  clear  subaerial  indication  of  the 
outer  sedimentary  arc  is  the  island  arc  formed 


by  the  Andaman  and  Nicobar  Islands,  which 
form  the  western  border  of  the  Andaman  Sea. 
Orogenic  activity  in  this  belt  began  as  early 
as  the  Cretaceous,  but  the  elevation  of  the 
islands  did  not  occur  until  the  Oligocene-Mio- 
cene  [Karunakaran  et  al.,  1964]. 

Bemmelen  [1949]  proposes  that  the  geologic 
development  of  the  area  has  been  from  east  to 
west.  The  relationship  of  a  rapidly  developing 
outer  sedimentary  arc  to  an  inner  volcanic  arc 
has  not  changed,  although  the  double  arc  system 
has  shifted  progressively  to  the  west.  The  inner 
volcanic  arc  of  today  was  the  sedimentary  arc 
of  an  earlier  period,  and  what  is  now  an  up- 
lifted platform  started  as  an  outer  depressed 
belt. 

Trends  paralleling  the  island  arc.  The  Cre- 
taceous to  Oligocene-Miocene  orogenic  belt  is 
represented  in  this  area  by  major  trends  which 
are  generally  indicated  by  the  morphologic 
trends  in  Figure  3.  The  basic  elements  of  a  pri- 
mary double  island  arc  can  be  identified.  The 
inner  igneous  arc  runs  east  of  the  Andaman  and 
Nicobar  Islands,  through  Narcondam  Island, 
Barren  Island,  and  Invisible  Bank  and  con- 
nects the  Cretaceous  orogenic  ranges  of  Burma 
and  Sumatra.  A  structurally  depressed  belt  sep- 
arates the  inner  igneous  arc  from  the  outer 
sedimentary  arc.  The  trend  of  the  sedimentary 
island  arc  is  represented  by  the  Andaman-Nico- 
bar platform,  which  passes  south  of  Sumatra 
through  Simalure  and  Nias  Islands  (outside  the 
area  of  the  base  map).  The  fourth  trend  is  in- 
dicated by  the  northern  extension  of  the  Java- 
Sumatra  trench,  which  is  locally  a  weak  trough 
west  of  the  sedimentary  island  platform  with 
depths  in  excess  of  4000  m  at  the  south  and 
greater  than  2500  m  at  the  north. 

The  free-air  gravity  anomalies  are  presented 
in  chart  form  (Figure  4)  and  may  be  compared 
with  the  general  trends  indicated  above.  The 
inner  igneous  arc  is  indicated  by  generally  high, 
positive  free-air  anomalies,  specifically  promi- 
nent at  the  northern  tip  of  Sumatra,  Invisible 
Bank,  and  near  Barren  and  Narcodam  Islands. 
A  parallel  belt  of  negative  anomalies  indicates 
the  trend  of  the  sedimentary  island  platform, 
and  the  axis  of  this  belt  passes  through  the 
Nicobar  Islands  but  shifts  to  the  inner  (eastern) 
side  of  the  Andaman  Islands.  A  belt  of  slightly 
positive  free-air  anomalies  in  the  west  is  gen- 
erally associated   with   the   outer  limit   of  the 
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ANDAMAN     SEA 
Fig.  3.    Schematic  presentation  of  principal  bathymetric  features. 
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ANDAMAN     SEA 
Fig.  4.    Free-air  anomalies,  Andaman  Sea  (contour  interval  50  mgal;  control  lines  indicated). 
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island  arc  in  the  southern  part  of  the  area,  but 
it  moves  up  onto  the  insular  shelf  and  disap- 
pears just  north  of  10°N.  The  westernmost  belt 
of  negative  anomahes  is  coincident  with  the 
axis  of  the  foredeep. 

Four  profiles  based  on  simultaneous  measure- 
ment of  gravity,  magnetic  field,  and  water  depth 
cross  the  entire  arc  system  and  are  shown  in 
Figure  5.  The  magnetic  field  measurements 
generally  indicate  minor  anomahes  associated 
with  the  extension  of  the  Java-Sumatra  trench. 
The  magnetic  field  is  relatively  smooth  over  the 
sedimentary  island  platform,  and  the  relatively 
large  and  sharp  anomalies  are  clear  indications 
of  the  igneous  belt  to  the  east.  Most  of  the  mag- 
netic anomalies  associated  with  the  igneous  belt 
are  negative,  indicating  induced  magnetization 
of  the  rocks  in  this  equatorial  region.  Several 
sharp  positive  peaks  suggest  reverse  remanent 
magnetization  [Girdler  and  Peter,  1960] . 

The  postulated  continuity  of  the  igneous  belts 
of  Burma  and  Sumatra  is  strengthened  by  this 
set  of  profiles.  Although  on  profile  A'-A"  there 
is  complete  lack  of  bathymetric  indication  be- 
cause of  burial  due  to  the  encroachment  of  the 


Irrawaddy  delta  from  the  north,  the  igneous 
trend  is  clearly  indicated  by  both  the  positive 
free-air  anomaly  and  the  magnetic  anomalies. 
In  the  south,  the  igneous  trend  is  best  indicated 
by  the  magnetic  anomahes.  Seismic  reflection 
profile  section  3  (Figure  6)  indicates  an  almost 
direct  correlation  with  the  subaerial  geological 
trends  of  northern  Sumatra,  and  section  2  (Fig- 
ure 7),  farther  to  the  north,  also  shows  signifi- 
cant similarity.  The  continuity  is  further 
strengthened  by  the  very  high  sea-floor  heat 
flux  measured  in  the  deepest  part  of  the  Anda- 
man basin  (Figure  8),  which  is  directly  on  the 
axis  of  the  igneous  trend  (cf.  the  deep  area  near 
the  eastern  end  of  profile  D-D').  Two  other 
measurements  of  the  heat  flux  along  the  axis 
of  the  igneous  trend  are  also  somewhat  higher 
than  world  average,  and  the  only  low  value  was 
measured  in  a  sediment-filled  basin  (interdeep) 
between  the  sedimentary  island  arc  and  the 
igneous  belt. 

The  extension  of  this  igneous  belt  with  its 
known  seismicity,  high  heat  flux,  volcanic  ac- 
tivity, and  central  graben  appears  to  be  some- 
what similar  to  the  extension  of  the  East-Afri- 
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Fig.  5.    Bathymetric,  magnetic,  and  free-air  anomaly  profiles  (profiles  A-A'-A",  D-D',  E-E', 

and  F-F'-F"  as  shown  in  Figure  1). 
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Fig.  6.    Sub-bottom  profiles  based  on  seismic  reflection  measurements  (section  3  near  profile 

F'-F"). 


can  rift  system  into  the  Gulf  of  Aden,  the 
extension  of  the  Iceland  graben  into  the  mid- 
Atlantic  ridge,  or  possibly  the  extension  of  the 
great  Alpine  fault  of  New  Zealand  into  the 
Tonga-Kermadec  ridge.  In  each  case,  it  appears 
that  the  same  tectonic  forces  operate  both  on 
land  and  at  sea.  The  Iceland  and  the  East- Afri- 


can graben  systems  are  established  as  tensional 
weakness  zones  of  the  earth's  crust  that  are 
connected  to  the  mid-oceanic  ridge  systems.  The 
central  graben  of  the  Barisan  Range,  which  has 
been  discussed  by  Bemvielen  [1949]  as  a  ten- 
sional relaxation  feature,  may  indicate  through 
some  of  these  similarities  that  the  island  arc  sys- 
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Fig.  8.    Magnetic  anomaly  trends  and  measured  sea-floor  heat  flux  (10"°  cal  cm"''  sec"^). 
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terns  represent  another  manifestation  of  global 
crustal  tension. 

North-northeast  trends.  With  the  exception 
of  the  major  trends  of  the  arc  system  which  have 
already  been  discussed,  the  trends  in  the  Anda- 
man basin  itself  tend  to  strike  north-northeast. 
The  most  prominent  north-northeast  trend  indi- 
cated in  Figure  8  is  formed  by  continuity  of 
magnetic  and  positive  free-air  anomalies  with 
the  shelf  break  along  the  Malaysian  peninsula 
in  the  northern  half  of  the  Andaman  Sea.  The 
profiles  shown  in  Figure  9  indicate  that  this 
trend  was  detected  on  each  crossing  of  the  basin. 
In  the  northern  part  of  the  basin,  the  trend  was 
detected  a  few  kilometers  south  of  point  A'"  in 
Figure  1  (on  a  section  not  included  in  this  re- 
port), and  profiles  B-B',  C-C,  and  D'-D"  indi- 
cate similar  associations  with  the  shelf  im- 
mediately to  the  east  of  the  shelf  break.  In  the 
southern  part  of  the  basin,  profile  E'-E"  shows 
the  trend  in  deeper  water  about  250  km  west 
of  the  poorly  defined  shelf  break  and  associated 
with  a  minor  rise  that  may  be  a  slope  terrace. 
Still  farther  south,  profile  G-G'  (Figure  10)  in- 
dicates that  similar  anomalies  were  detected  in 
deeper  water  (>1000  m)  off  the  northern  tip  of 


Sumatra.  The  anomahes  may  reflect  the  under- 
lying Triassic-Jurassic  tectonic  trends  of  the 
Malaysian  peninsula,  or  may  be  similar  to 
anomaly  trends  of  this  type  frequently  associ- 
ated with  intrusive  and  effusive  rocks  along  the 
shelf  break  in  other  parts  of  the  world  [Drake 
et  al,  1958;  Peter  et  al,  1965].  This  latter  in- 
terpretation is  partially  supported  by  the  fact 
that  igneous  rocks  were  brought  up  in  several 
dredge  hauls  made  from  the  Pioneer. 

In  the  southern  half  of  the  Andaman  Sea, 
while  crossing  the  200-m  shelf  break,  we  found 
indications  of  normal  faulting.  On  profile  G'-G" 
(Figure  10)  there  is  a  distinct  change  in  the 
magnetic  field  character  from  smooth  to  mod- 
erately active  at  the  shelf  break  over  the  in- 
ferred fault.  These  geophysical  anomalies,  to- 
gether with  the  fault  observed  near  fix  position 
675  on  the  southernmost  seismic  reflection  pro- 
file (Figure  6  and  Figure  11),  seem  to  support 
our  second  conclusion  and  to  suggest  that  the 
shallow  southeastern  part  of  the  Andaman  Sea 
is  underlain  by  a  downfaulted  part  of  the  west 
Malaysian  shelf. 

There  is  an  abrupt  change  in  the  depth  of  the 
sea  floor  (from  2700  to  3000  m)  indicated  in 
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Fig.  9.    Bathymetric,  magnetic,  and  free-air  anomaly  profiles,   (profiles  B-B',  C-C,  D'-D" 

E'-E"). 
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Fig.  10.    Bathymetric,  magnetic,  and  free-air  anomaly  profiles  (profiles  A'-A"-A"',  G-G'-G"). 
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Fig.  11.    Sub-bottom  profile  based  on  seismic  reflection  measurements  (detail  of  Figure  6). 
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profiles  C-C  and  D'-D"  (Figure  9),  which  may 
be  an  indication  of  another  fault  zone.  The  as- 
sociated step-like  change  in  the  magnetic 
anomaly  also  appears  to  support  this  conclu- 
sion. The  trend  of  the  inferred  fault  is  also 
north-northeast,  and  it  is  parallel  to  the  shelf- 
break  anomaly  trend  mentioned  above. 

South  of  profile  C-C  the  actual  fault  plane 
cannot  be  observed.  Profile  D'-D"  indicates 
that  it  is  overlain  by  the  mountain  range  which 
merges  with  the  igneous  inner  arc  at  the  latitude 
of  the  south  Nicobar  Islands  (Figure  3). 

Toward  the  north  there  is  no  indication  of 
this  fault  on  profile  B-B'  (Figure  9).  The  fault 
indications  in  profile  section  1  (Figure  12)  are 
probably  due  to  sediment  settling,  since  A"-A"' 
(Figure  10)  lacks  the  significant  geophysical 
anomalies  which  usually  indicate  deep-seftted 
tectonic  control. 

Northeast  of  Invisible  Bank  another  north- 
northeast  trend,  a  mountain  range,  merges  with 
the  igneous  arc.  The  range  is  less  than  250  km 
long,  and  the  geophysical  data  along  profile 
A"-A"'  indicate  that  no  other  mountains  are 
buried  under  the  Irrawaddy  delta  along  this 
trend. 

Bouguer  and  isostatic  anomalies.  Bouguer 
anomalies  have  been  calculated  for  sections 
C-C  and  E-E'-E"  (Figures  13  and  14).  The  cal- 
culations are  based  on  an  assumed  crustal  den- 
sity of  2.84  g/cm^  and  a  two-dimensional  model 


of  the  bottom  topography  [Tahvani  et  al., 
1959].  The  2.84-g/cm'  density  is  the  average 
density  of  the  combined  'low-velocity  basement' 
and  'high-velocity  basement'  as  derived  by  ma- 
rine seismic  refraction  measurements  [Talwani 
et  al,  1959;  Peter  et  al,  1965].  Similar  high 
values  can  be  obtained  by  averaging  the  densi- 
ties in  that  part  of  the  crust  which  lies  below 
sea  level  [Woollard,  1959].  Because  the  local 
sections  are  primarily  marine  areas  below  sea 
level,  it  is  appropriate  to  use  the  2.84-g/cm" 
density  for  Bouguer  corrections  rather  than  the 
customary  2.67-g/cm'  density,  which  is  more 
appropriate  for  the  average  density  of  con- 
tinental rocks  above  sea  level. 

In  Figure  13,  the  Bouguer  anomaly  over  In- 
visible Bank  indicates  that  the  bank  may  be 
composed  of  rocks  of  higher  density  than  the 
assumed  2.84  g/cm'  and  that  a  large  density 
contrast  exists  deep  in  the  crust  in  the  area 
along  the  trend  of  the  igneous  arc. 

In  Figure  14,  a  crustal  cross  section,  which 
has  been  calculated  from  the  Bouguer  anomalies, 
is  shown.  In  this  calculation,  the  mantle  densitj' 
was  assumed  to  be  3.3  g/cm'  and  the  depth 
to  the  mantle  surface  was  adjusted  until  its 
gravitational  attraction  matched  the  Bouguer 
anomalies.  Besides  the  assumptions  that  the 
structure  is  two-dimensional  and  perpendicular 
to  the  profile,  it  was  assumed  that  at  the  point 
where   the   free-air  anomaly  and   the   Bouguer 
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Fig.  13.    Bathymetric,  free-air,  and  Bouguer  anomaly  profile  (profile  C-C). 
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anomaly  are  each  zero  (the  continental  shelf) 
the  crustal  thickness  is  30  km.  Through  suc- 
cessive calculations,  the  crust  under  the  Anda- 
man Islands  was  lowered  to  40  km,  and  the  mis- 
match between  the  calculated  and  the  observed 
curves  was  reduced  to  only  30  mgal.  In  addi- 
tional calculations  the  crust-mantle  interface 
was  lowered  to  below  40  km,  but  the  computed 
curve  had  started  to  broaden,  indicating  a  shal- 
low rather  than  a  deep  source  for  the  anomaly. 

Generally,  the  fit  between  the  gravitational 
attraction  of  the  mantle  in  the  calculated  crustal 
section  and  the  Bouguer  anomalies  is  good.  The 
departures  at  the  eastern  flank  of  the  outer 
(sedimentary)  island  arc  and  over  the  igneous 
arc  are  within  the  errors  caused  by  the  assump- 
tions of  the  model.  This  is  certainly  true  for  the 
sedimentary  island  platform  (area  west  of  E' 
on  Figure  14),  where  the  use  of  the  2.84-g/cm' 
density  in  the  Bouguer  corrections  was  obviously 
too  high. 

The  derived  crustal  cross  section,  because  it 
is  based  solely  on  the  gravity  data,  does  not 
represent  a  unique  solution.  On  the  basis  of 
similar  calculations  by  Woollard  [1959],  the 
estimated  error  in  the  crustal  thickness  of  the 
model  is  ±10%.  It  is  entirely  possible  that 
sedimentary  material  has  a  much  greater  role 
in  the  Bouguer  anomahes  than  is  implied  in 
Figure  14  (a  mismatch  of  only  30  mgal).  How- 
ever, more  detailed  treatment  of  this  possi- 
bility would  be  purely  speculative  without  ad- 
ditional seismic  information.  Regardless  of  the 
possible  magnitude  of  these  corrections  for  a 
thick  accumulation  of  sedimentary  material,  the 
present  conclusions  should  still  be  applicable; 
the    crustal   thickness    under   the   sedimentary 


island  platform  is  far  in  excess  of  normal  oce- 
anic crust  and,  in  fact,  appears  to  be  of  con- 
tinental type. 

The  Airy-Heiskanen  two-dimensional  isostatic 
anomalies  [Talwani  et  al.,  1959]  are  shown  for 
profile  E-E'-E"  in  Figure  15.  These  show  a  close 
resemblance  to  the  free-air  anomalies  along  the 
section  (Figures  5  and  9).  The  negative  iso- 
static anomaly  includes  not  only  the  local  ex- 
tension of  the  Java -Sumatra  trench  [Woollard 
and  Strange,  1962]  but  also  the  sedimentary 
island  arc  itself.  A  similar  phenomenon  was  ob- 
served by  Lyons  (published  by  Eardley  [1962]) 
and  Talwani  (personal  communication)  in  the 
Antilles  arc,  where  the  large  negative  anomalies 
of  the  Puerto  Rico  trench  continue  into  the 
Barbados-Trinidad  ridge.  Although  this  phe- 
nomenon is  still  not  well  understood,  it  is  most 
likely  connected  to  the  relative  age  or  state  of 
development  of  the  different  parts  of  the  island 
arc. 

Conclusions.  On  the  basis  of  the  data  avail- 
able from  the  reconnaissance  survey  by  the 
Pioneer,  a  detailed  quantitative  interpretation 
is  impossible.  The  principal  objective  of  this 
paper,  other  than  the  reporting  of  the  data,  has 
been  to  indicate  the  continuity  of  the  subaerial 
geological  and  tectonic  trends  through  the 
Andaman  Sea  area.  This  continuity  is  particu- 
larly well  supported  for  the  extension  of  the 
structural  trends  of  northern  Sumatra  north- 
ward through  the  igneous  belt.  The  geophysical 
data  verify  the  connection  between  the  Cre- 
taceous belts  of  the  Barisan  Range  in  Sumatra 
and  the  Burma  Range  which  was  formerly 
postulated  principally  on  evidence  of  bathym- 
etry   and    of    volcanism    in    the    Barren    and 
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Fig.  15.    Bathymetric  and  Airy-Heiskanen  two-dimensional  isostatic  anomaly  profile  (profile 
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Narcondam  Islands.  There  is  strong  evidence 
that  the  southeast  Andaman  Sea  is  underlain 
by  the  down-faulted  Sunda  shelf  (west  Ma- 
laysian shelf). 

The  Bouguer  anomalies  indicate  continental 
thickness  of  the  crust  under  the  Andaman-Nico- 
bar  island  platform,  and  the  Airy-Heiskanen 
anomalies  suggest  that  future  elevation  of  the 
islands  may  be  expected. 
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The  U.  S.  Coast  and  Geodetic  Survey's  tide  observation  program  is  predicated  on  the  need 
to  determine  tidal  constants,  to  determine  and  monitor  tidaL  reference  levels,  and  to  study  tidal 
propaiation  in  inshore  and  oceanic  areas.  To  fulfill  these  needs  we  maintain  a  standard  net  of  tide 
stations  ;  we  augment  this  net  with  temporary  installations  at  points  of  special  or  immediate  interest  ; 
and   recently  we   have   initiated   a  program  for  offshore  observations. 

The  advent  of  computer  technology  has  led  to  an  enhanced  capacity  for  detailed  analysis 
of  tidal  time  series.  The  demand  for  tidal  data  has  risen  sharply  ;  not  only  as  to  number  of 
requests,  but  also  as  to  the  detail  requested.  It  is  obvious  from  this  that  we  must  automate 
our  data  file,  storage,  and  retrieval  procedures.  Then  to  maintain  efficiency  in  our  entire  tidal 
program  it  is  necessary  to  convert  the  major  part  of  our  standard  tide  net  to  digital  recording 
gagos.  In  selecting  instruments  to  effect  this  conversion  we  have  considered  not  only  our  own 
data  processing  responsibility  but  also  our  responsibility  to  provide  tidal  data  in  a  usable  format 
for  diverse  investigations.  Obviously  we  cannot  justify  unilateral  decisions  on  data  formats  ; 
just   as   obviously  the   selection   of  a  format   cannot  now  be   final. 

The  instruments  selected  for  our  standard  network  provide  the  necessary  ease  of  format 
conversion.  The  gage  is  a  float-operated  water  level  recorder  manufactured  by  Fischer  and 
Porter  Company,  and  is  available  as  a  stock  item.  (ANON,  1963).  The  recording  medium  is 
a  special-purpose  punched  tape,  providing  easy  visual  read-out.  (Figures  1  and  2).  The  recorder 
converts  the  angular  position  of  a  shaft  into  a  coded  digital  output.  In  the  code  employed  , 
sixteen  positions  are  required  to  record  four  place  numbers.  (Figure  3).  All  parts  of  the 
recorder  -  interval  timer,  encoder  disks,  punching  and  reset  mechanism,  and  paper  drive  - 
are  mechanically  synchronized  to  prevent  error  or  ambiguity.  Electric  contacts  are  available 
to  provide  telemetry,  although  the  efficiency  of  telemetering  sixteen  bits  for  a  single  variable 
might   be   questioned. 

In  Coast  and  Geodetic  Survey  use  the  base  of  the  gage  is  adapted  to  fit  a  4 -inch  (10  cm) 
float  well,  for  use  with  a  3  1/4-inch  (8.3  cm)  float.  At  stations  in  the  standard  net  an  8  1/2-inch 
(21.  5  cna)  float  is  used  in  a  12-inch  (30.  5  cm)  well.  A  float  wire  storage  drum  is  axially  fastened 
to  the  gage  drive  shaft.  The  drum  will  store  50  feet  (15  m)  of  wire,  which  is  the  range  of  the 
instrument.  A  counter-poise  torque  is  provided  by  a  constant  torque  band  spring  on  the  drive 
shaft.  The  torque  necessary  to  rotate  the  shaft  is  about  1/4 -inch  oz.  ,  (2.10*  dyne  cm)  and 
more  important  it  is  nearly  constant  through  the  range  of  the  instrument.  Because  the  input 
shaft  is  restrained  for  approximately  eight  seconds,  it  is  necessary  to  provide  a  rotation  storage 
device  in  the  drive  shaft.  The  lost  motion  coupler  used  consists  of  a  dual  torsion  spring  assem- 
bly, springs  opposing.  This  coupler  has  the  capacity  to  store  water  level  changes  of  1.8  feet 
(0.5  m)   in   either   direction   during  the   eighx   second   recording  phase. 

The  gage  is  supplied  with  a  timing  unit  and  interval  timer,  although  the  interval  timer 
can  be  detached  and  any  other  unit  used.  The  timer  is  an  electrically  wound  clock.  The  recording 
interval  is  set  by  a  simple  cam.  The  cam  makes  a  complete  revolution  each  hour.  For  our 
use   a   cam  with   10   contact-steps   provides   for    l/lO  hour   intervals. 

In  portable  installations  electric  power  is  supplied  by  a  dry  cell  battery.  Requirements 
are  0.5  amps  starting  current  and  100  milliamps   running  current  from   a  7  1/2   volt   DC   source. 
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Figure   3    :   Facsimile   of  data  recording  tape. 


Special  purpose  translators  are  available  to  convert  the  punched  tape  records  to  cards 
or  digital  magnetic  tape  in  a  wide  selection  of  formats.  If  a  one -tenth  hour  recording  interval 
is   used,    a   one   month   gage   record   can  be   converted  in   about   35   minutes. 

By  the  first  of  this  year  we  had  collected  digital  time  series  at  several  of  our  standard 
tide  stations.  The  digital  recorders  were  coupled  to  our  standard  analog  recorders  at  these 
stations  to  secure  dual  records  for  evaluation.  Our  preliminary  evaluation  indicates  that  the 
digital  record   results   are   comparable  to  those   from  the   analog  gages. 

Very  briefly,  our  plans  for  automated  processing  of  the  digital  records  include  :  an 
editing  program,  for  all  observations  ;  extraction  of  hourly  heights,  high  and  low  waters  ;  and 
determination  of  the  traditional  tidal  means  (Figures  4  and  5).  Programs  are  being  selected 
for  analyses  to  determine  harmonic  constants  from  tidal  series  of  29  days'  to  369   days'    duration. 

For  temporary  or  permanent  installations  where  a  float  well  and  float  cannot  practically 
be  used,  we  have  adopted  a  pressure  sensing  tide  gage.  This  gage,  graphically  illustrated  in 
Figure  6,  is  similar  to  the  one  described  by  REDFIELD  (1962).  The  essential  parts  are  :  a 
source  of  gas  of  sufficient  volume  at  pressure  to  supply  the  system  for  several  weeks  ;  controls 
for  gas  flow  and  pressure  differential  ;  a  supply  line  to  an  escape  orifice  fixed  below  the  lowest 
water  level  excursion  ;  a  temperature  compensated  bellows  transducer  ;  and  an  analog  recorder. 
High  frequency  pressure  variations  caused  by  wind  waves  are  partially  eliminated  by  introducing 
capacity  into  the  system  ;  by  means  of  a  restrictive  valve  between  the  o.rifice  and  the  trans- 
ducer  ;    and   by  regulating  the   supply  rate. 

In  our  installations  dry  nitrogen  commercially  available  at  2  000  pounds  per  square  inch 
is  used  for  gas  supply.  The  endurance  of  the  gas  supply  is  a  function  of  the  volume  of  the 
supply  system  and  the  orifice  cavity,  the  tide  range,  and  the  bubble  rate  selected.  At  Anchorage  , 
where  because  of  the  2  6 -foot  range  and  relatively  exposed  installation  most  of  these  factors  are 
large,    an  eighty  cubic   feet  tank  provides   for   about  four  months'    operation. 
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TIDES,    HOURLY  HEIGHTS   (FEET) 
WASHINGTON   D.  C.    CASE  A   NOV    1964  TM  75.  00  W 
DAY  OF   MONTH 
HOUR  23  24  25  26  27  28  29  30 


0 

6.  19 

6.57 

6.74 

8.38 

6.41 

5.38 

4.95 

4.30 

1 

5.51 

6.  07 

6.52 

8.23 

7.  05 

6.  16 

5.  63 

4.62 

2 

4.  81 

5.42 

6.  03 

7.77 

7.29 

6.70 

6.49 

5.32 

3 

4.25 

4.76 

5.  36 

7.  16 

7.20 

6.92 

7.  11 

6.  08 

4 

3.  86 

4.21 

4.72 

6.55 

6.  83 

6.87 

7.35 

6.54 

5 

3.67 

3.83 

4.  18 

6.  05 

6.22 

6.53 

7.27 

6.  64 

6 

3.70 

3.  67 

3.84 

5.  68 

5.  54 

5.  97 

6.  95 

6.  51 

7 

4.22 

3.72 

3.69 

5.46 

4.  98 

5.36 

6.34 

6.  16 

8 

5.20 

4.23 

3.  82 

5.32 

4.53 

4.  84 

5.  63 

5.  63 

9 

5.98 

5.21 

4.49 

5.39 

4.  32 

4.50 

5.  08 

5.  11 

10 

6.39 

5.99 

5.  50 

5.88 

4.28 

4.38 

4.  74 

4.  67 

11 

6.45 

6.40 

6.26 

6.  63 

4.  65 

4.  59 

4.58 

4.  34 

12 

6.  17 

6.39 

6.73 

7.29 

5.48 

5.35 

4.  63 

4.  16 

13 

5.59 

6.  13 

6.  93 

7.65 

6.27 

6.  34 

5.  10 

4.  46 

14 

4.  91 

5.  62 

6.  93 

7.  64 

6.76 

7.  09 

5.  87 

5.  32 

15 

4.32 

5.00 

6.72 

7.29 

6.  95 

7.  51 

6.51 

6.  16 

16 

3.  88 

4.39 

6.  50 

6.  63 

6.  81 

7.  60 

6.79 

6.  65 

17 

3.63 

3.  94 

6.23 

5.  91 

6.  33 

7.42 

6.  81 

6.  69 

18 

3.  64 

3.  69 

6.  07 

5.34 

5.  69 

7.01 

6.56 

6.40 

19 

4.23 

3.76 

6.34 

5.  01 

5.08 

6.45 

6.  08 

5.  85 

20 

5.25 

4.39 

6.  95 

4.  84 

4.61 

5.  83 

5.48 

5.32 

21 

6.  09 

5.43 

7.61 

4.  82 

4.36 

5.31 

4.93 

4.79 

22 

6.55 

6.22 

8.04 

5.  00 

4.  36 

4.  94 

4.55 

4.26 

23 

6.71 

6.  63 

8.31 

5.56 

4.  66 

4.77 

4.33 

3.86 

SO  75.  00  W 

30  01 

30  +  0014  210738 

MSL  5.73 

Figure  4    :   Portion  of  computer  listing  of  hourly  heights   of  tides. 
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TIDES,    HIGH  AND   LOW  WATERS   (FFET) 
WASHINGTON   D.  C.    CASE  A  NOV   1964  TM  75.  00  W 


TIME 

HEIGHT 

TIME 

HEIGHT 

)AY 

HIGH 

:.ow 

HIGH 

LOW 

DAY 

HIGH 

LOW 

HIGH 

LOW 

1 

5.4 

12.  1 

7.  18 

4.  16 

17 

5.9 

0.  9 

6.64 

4.  04 

17.  S 

- 

7.  31 

- 

18.4 

15.4 

6.79 

3.95 

2 

6.2 

1.  1 

7.  GO 

4.  12 

18 

6.2 

0.9 

7.32 

4.  18 

18.  5 

13.0 

7.33 

4.05 

18.7 

12.9 

7.54 

4.  11 

3 

6.  8 

1.  5 

7.  13 

4.24 

19 

7.3 

1.  8 

7.42 

4.20 

19.  1 

13.2 

7.67 

4.  34 

18.  1 

13.  0 

8.55 

5.25 

4 

7.  3 

2.2 

7.  54 

4.69 

20 

7.  1 

2.4 

8.  03 

5.04 

19.  9 

14.3 

7.75 

4.49 

20.2 

15.2 

8.  00 

4.28 

5 

8.4 

3.2 

7.34 

4.51 

21 

8.4 

3.7 

7.  17 

4.70 

20.  6 

14.  8 

7.72 

4.52 

20.8 

15.  0 

6.  89 

3.  85 

6 

8.7 

4.  0 

6.73 

4.48 

22 

9.9 

4.9 

5.70 

3.56 

21.  8 

16.  0 

6.  51 

3.58 

22.2 

16.2 

6.74 

3.59 

7 

9.8 

4.  0 

7.  00 

4.08 

23 

10.7 

5.  5 

6.47 

3.65 

21.  5 

15.8 

7.  84 

4.75 

23.0 

17.5 

6.71 

3.58 

8 

10.2 

4.9 

7.36 

4.97 

24 

11.  5 

6.4 

6.42 

3.  65 

22.3 

16.9 

7.52 

4.30 

23.9 

18.  3 

6.74 

3.68 

9 

10.  8 

5.8 

6.72 

4.56 

25 

13.5 

7.  1 

6.  98 

3.70 

23.3 

17.5 

7.02 

4.33 

23.  8 

18.  0 

8.39 

6.07 

10 

11.7 

6.  3 

6.71 

4.48 

26 

13.6 

8.3 

7.72 

5.31 

23.9 

18.  1 

7.09 

4.60 

- 

20.  8 

- 

4.  82 

11 

12.  5 

6.9 

7.  12 

4.72 

27 

2.2 

9.7 

7.29 

4.26 

- 

19.  0 

- 

5.  02 

15.  1 

21.  5 

6.  95 

4.33 

12 

0.  6 

7.9 

7.29 

4.76 

28 

3.3 

10.  0 

6.93 

4.38 

13.7 

19.  8 

7.  12 

5.20 

15.  9 

23.0 

7.  60 

4.77 

13 

1.  8 

9.  1 

7.  15 

4.65 

29 

4.  1 

11.4 

7.35 

4.55 

14.7 

21.4 

6.  60 

4.29 

16.  5 

23.7 

6.83 

4.29 

14 

2.9 

10.  0 

6.48 

3.  95 

30 

4.9 

12.  1 

6.65 

4.  16 

15.4 

22.2 

6.23 

3.98 

16.  6 

- 

6.71 

- 

15 

4.0 
16.3 

10.  6 
23.3 

6.52 
6.  80 

3.92 
4.  10 

31" 

- 

1.9 

- 

3.  14 

16 

4.9 
16.9 

11.4 

7.  07 
7.33 

4.34 

MHW   7.12        MLW   4.34        MSL  5.73        MN   2.78        MTL  5.73 

MTL-MSL  0.  00        MHHW        MLLW        DHQ        DLQ 

GT        (DRL)TL        (DRL)TL-MSL 

GMHWI   0.27   HRS        GMLWI  7.2  6   HRS 

HIGHEST   TIDE   8.55        18.1   HRS  NOV    19 

LOWEST   TIDE   3.56     4.9   HRS  NOV  22 

**  USED   IN   MEANS 

SO  75.  00      30  0130  +  0014  210738 

Figure   5    :   Computer  listing  of  high  and   low  waters   and  monthly  tidal  means. 
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1.  NITROGEN   BOTTLE 

2.  PRESSURE    REDUCING  VALVE 

3.  PRESSURE    DIFFERENTIAL   REGULATOR 

4.  ADJUSTABLE   NEEDLE   VALVE 

5.  TRANSPARENT   BUBBLER  CHAMBER 

6.  PULSATION   DAMPER 

7.  STRIP   CHART   RECORDER  WITH  TRANSDUCER 

8.  TELEMETERING   PRESSURE  TRANSMITTER 

9.  TUBING 

10.    BUBBLER  ORIFICE   CHAMBER 


Figure   6    :   The   bubbler  tide   gage. 

The  pressure  reduction  valve  is  regulated  to  allow  a  constant  pressure  greater  than  that 
due  to  the  maximum  head  anticipated  over  the  orifice.  The  pressure  differential  regulator  to- 
gether with  the  shunt  line  provide  for  a  constant  pressure  difference  of  about  3  pounds  per 
square  inch  across  the  flow  regulator.  Thus  the  rate  of  flow  can  be  adjusted  to  a  desired  cons- 
tant value  and  is  not  dependent  on  the  tide  stage.  Flow  is  through  a  silicone  oil-filled  bowl 
so  that  it  can  be  monitored  visually.  Rates  of  from  30  to  300  bubbles  per  minute  are  used. 
(ANON,    1962). 

Bellows  transducers  for  measuring  water  level  have  been  in  use  for  many  years.  In  most 
of  them  the  transducer  is  placed  at  the  sensing  depth,  and  pressure  variations  are  transmitted 
to  the  surface.  Advantages  of  the  present  scheme  are  that  the  sensitive  elements  of  the  gage 
need  not  be  designed  to  withstand  the  underwater  environment  ;  and  fluctuations  in  barometric 
pressure   are   not   directly  reflected   on  the   record. 

A  significant  portion  of  the  system  capacity  at  the  submerged  orifice  thus  providing  some 
high  frequency  filtering,  and  protecting  the  small  diameter  supply  line  and  orifice  from  marine 
fouling. 

A  Bristol  Company  clock  recorder  provides  an  analog  record.  The  record  is  on  a  6-inch 
(15.2  cm)  wide  strip  chart  available  in  10  through  50  ft.  ranges.  Paper  advance  is  1  inch 
(2.54  cm)  per  hour.  The  clock  drive  has  an  eight-day  spring,  and  the  record  is  sufficient  for 
about  six  weeks.  Manufacturer's  claims  are  that  hysteresis  and/or  nonlinearity  are  limited  to 
1  %  of  the  full  scale  value.  P'or  sea  water  use,  instruments  are  calibrated  to  correspond  to  a 
specific  gravity  of  1.  025.  All  of  our  tide  gages  are  operated  in  conjunction  with  a  fixed  eleva- 
tion tide  staff,  and  periodic  comparisons  are  made  between  staff  and  gage  level  readings  .  These 
intercomparisons  are  used  to  in  some  m^easure  compensate  for  recorder  discrepancies  and  va- 
riations  in   specific   gravity  form  the    1.  025   base. 

We    now   use   the   pressure   gage   routinely  for   difficult  installations.    Adoption  of  this   ins- 
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trument  has  just  recently  made  possible  our  first  full  year's  series  of  tide  observations  at 
Anchorage,  Alaska-this  despite  a  frightening  accumulation  of  ice  during  the  winter  months.  A 
pressure  gage  or.  loan  to  the  U.  S.  Navy  Oceanographic  Office  has  been  operated  in  Mc  Murdo 
Sound,  Antarctica,  from  February  through  September  1964.  Although  installations  capable  of 
withstanding  extreine  environments  are  expensive,  they  are  at  least  possible  through  the  use  of 
this   pressure   device. 

Finally,  the  Coast  and  Geodetic  Survey  is  developing  a  deep  sea  tide  gage.  This  gage  has 
a  demonstrated  capability  to  depths  of  approximately  850  feet  (260  m).  (HICKS,  GOODHEART  , 
ISELEY,  1964).  During  1965  a  modified  version  will  be  tested  to  depths  of  4,000  feet  (12  00  m). 
At  the  same  time  endurance  will  be  increased  from  the  7  days  demonstrated  during  1964  to 
2  9   days. 

In  its  present  stage  of  development  all  components  of  the  gage  from  transducer  to  recorder 
and  power  supply  are  contained  in  a  single  pressure  case.  The  transducer  is  a  bondedfoil  strain 
gage  connected  to  a  pressure  actuated  metal  diaphram   in  a  four   active   arm  bridge   circuit.    The 
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Figure   7    :   Mooring  and  recovery  scheme   for  deep  sea  tide   gage. 
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signal  amplifier  is  a  solid  state,  variable  gain,  wide  band  DC  differential  amplifier  of  excep- 
{ional  stability.  Secular  drift  is  ±  0.  02  %  in  2  00  hours  at  constant  temperature  ;  temperature 
sensitivity  is  on  the  order  of  0.001  %  per  degree  centigrade.  The  power  requirement  is  1.  8  watts  . 
Power   requireme.-     for  the   entire   package   is   about   2   1/2    watts. 

A  null  circuit  is  employed  to  electrically  cancel  the  transducer  output,  thus  permitting 
a  highly  expanded  record  of  nearly  linear  response.  In  the  models  used  to  date  a  strip  chart 
recorder  pi-ovides  an  analog  record.  Future  modifications  will  provide  for  digital  recording,  at 
first  by  photographing  a  milliampmeter,  then  later  with  the  use  of  a  high  density  digital  ma- 
gnetic  tape   recorder. 

A  transducer  with  the  proper  maximum  operating  depth  is  selected  based  on  the  depth 
anticipated  on  station.  Within  this  inherent  limit  a  wide  range  of  actual  observation  depth  can 
be  tolerated  without  degrading  the  precision  of  the  observation.  This  is  possible  because  of  the 
simple  null  circuit  employed.  With  no  signal  the  recorder  is  cente-red  at  zero.  When  the  am- 
plified pressure-dependent  signal  is  sufficient  to  move  the  stylus  to  either  recorder  limit,  a 
contact  is  activated  ;  a  simple  servo  mechanism  displaces  the  stylus  toward  the  center  of  the 
record.  Thus,  with  continually  increasing  pressure  the  full  recorder  range  will  be  repeated  to 
correspond  to  each  relatively  small  increase  in  pressure.  In  the  operational  models  an  increase 
in  water   depth   of  approximately  5  feet  (1.52  m)  corresponds  to  the  4-inch  (10  cm)   record  width  . 

Aside  from  the  high  degree  of  compensation  inherent  in  the  transducer  bridge  circuit,  no 
temperature  compensation  is  employed.  Instead  components  of  extremely  small  temperature 
response  have  been  employed,  and  the  assembled  components  have  been  laboratory  calibrated 
over  anticipated  temperature  and  pressure  ranges.  A  temperature  recorder  will  be  included 
in   each   package   in  future   installations.     (GOODHEART,    et   al,     1965). 

Thus  far  there  have  been  two  successful  installations,  as  reported  by  HICKS,  GOODHEART 
AND  ISELEY  (1964).  As  can  be  seen  in  Figure  7,  a  variety  of  schemes  were  used  to  aid  in 
recovering  the  instrument  package,  including  surface  buoys,  a  radio  transmitter  for  RDF  homing, 
lights,  and  time  release  subsurface  buoys.  In  every  installation  at  least  one  of  these  redun- 
dancies has  worked,  so  that  our  recovery  record  is  good  ;  but  no  single  recovery  system  has 
been    consistent   enough   to   allow   elimination   of   all   others.    The   two   successful   stations   to   date 
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were  as  shown  in  Figure  8  at  A  and  B.  Station  A  was  at  a  nominal  depth  of  690  foot  (210  na]  ; 
the  mean  tidal  range  during  the  10  semi-diurnal  cycles  of  observations  was  3.4  feet  (1.  03  m)  , 
the  high  water  interval  11.  85  lunar  hours.  Staxicn  B  was  in  840  feet  (256  m).  A  mean  range  of 
3.  1  feet  (0.  9  m)  was  recorded  for  10  semi-diurnal  cycles,   high  water  interval  11.  74  lunar   hours  . 

Special  considerations  have  influenced  the  selection  of  components  in  this  gage.  The  trans- 
ducer selected  is  highly  stable  and  should  allow  long  term  installations.  This  allows  the  possi- 
bility of  using  the  gage  in  tsunami  investigations  as  well  as   in   oceanic   tidal  propagation    studies  . 
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OBSERVATIONS   SUR   LA   COMMUNICATION   DU  Cr   BARBEE 

Dr  LENNON  -  I  was  very  interested  to  hear  Comor  Barbee's  description  of  the  Fisher  Porter  tide  gauqe, 
particularly  because  at  the  Liverpool  Tidal  Institute  we  have  recently  been  testing  a  Fischer  Porter 
gauge  of  slightly  different  design.  In  our  case  the  float  suspension  is  a  stainless  steel  tape,  containing 
spocket  holes,  which  passes  over  a  sprocketed  float  pully  and  is  allowed  to  fall  again  into  the  well  with 
a  counterweight  attached  to  its  extremity.  We  find  that  this  arrangement  does  not  maintain  a  constant 
tension  on  the  float  suspension  so  that  the  buoyancy  of  the  float  is  affected.  Sounding  tests  have  shown 
that  a  systematic  error  occurs  amounting  to  1  cm  at  low  water.  In  the  instrument  used  by  Comor  Barbee 
this  error  is  avoided  but  then  his  instrument  uses  a  gear  train  to  achieve  a  2  :  1  reduction  in  the  ro- 
tation of  the  recording  shaft.  Our  experience  has  shown  that  any  such  gear  train  introduce  other  errors 
due  to  friction  or  backlash  which  has  a  minimum  of  the  order  of  1  cm  again,  depending  upon  whether 
the    uide   is   rising  or  falling. 

Cr  BARBEE.  There  m.ay  well  be  difficulty  in  the  introduction  of  a  reduction  gear  in  the  drive-train. 
If  so  we  can  take  it  out  and  procure  wire  storage  drums  of  1  foot  per  rotation  of  the  axle.  Note  that  we 
have   not   at  this   time   any  F-P   gauge   in   operation  in  our   standard   net. 

M.     DOHLER.    Translation  time   for   one   month   recordings  at  hourly  intervalls   with  the   Fisher-Porter   ? 

Cr  BARBEE.  Our  only  experience  is  for  record  with  one  tenth-hour  sampling  interval.  For  these,  one 
month's  records  require  35  min.  to  translate.  Presumably  time  is  pro-rated  so  3-5  min.  required  for 
1    month's   hourly  values. 

M.     DOHLER.    How   do  you  correct  time   and  height   errors    at  the   Fischer-Porter  ? 

Cr  BARBEE.    We  have  not  to  date,    but  you  can  always  use  the  same  procedures    used   for   analogs    records.. 

Dr  ROSSITER.    In  comment  on  M.    Dohler's    remarks,    I  would   like  to  say  that  the   fact  that   the   Fischer- 
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Porter  gauge  has  no:  been  tested  in  abnormal  climates  is  no  proof  that  ii  will  not  operate  satisfactorily 
under   such   condixions. 

Dr   MUNK.    Are   your   readings    at    6   min.    intervals    instantaneous   pressures    or   averages  ? 

Cr  BARBEE.    Instantaneous    except   for   effects    of  the   stilling  well. 

Dr  MUNK.  The  esseraial  point,  it  seem.s  to  me,  is  to  form  suitable  average  readings  to  avoid  "aliasing" 
of  frequencies  close  to  the  sampling  frequency  into  low  frequencies.  This  may  be  more  important  than 
to   strike   for   greater   precision. 

M.  ROUMEGOUX.  Ii  existe  un  mar6graphe  k  flotteur,  S.  transmission  k  distance  sur  le  march6  fran- 
gais    (Brilli^)    ;    les    signaux   sont   transmis    sous   forme    digitalis6e   binaire. 

M.  EYRIES.  Le  principe  du  "Bubbler  Tide  Gauge",  appel6  en  France  "Mar6graphe .  i  fuite"  est  xr^s 
ancien,  un  mar6graphe  de  ce  type,  appel6  "Parenthou"  a  fonctionn6  au  d6but  du  si^cle  k  I'embouchure 
de   la  Gironde. 

iVI.  NOBLE.  Had  Cr  Barbee  found  that  the  take-up  of  the  punched  paper  tape  of  the  Fischer-Porter 
recorder  had  caused  difficulty  ?  Our  experience  in  the  U.  K.  suggested  that  after  6  weeks  the  tape  did 
not  wind   on  the   take-up   spool  properly. 

Cr  BARBEE.    This  difficulty  had  not  been  met  as  the   record  was   removed  monthly. 


49 


28 


U.S.  DEPARTMENT  OF  COMMERCE 
John  T.  Connor,  Secretary 

ENVIRONMENTAL  SCIENCE  SERVICES  ADMINISTRATION 

Robert  M.  White,  Administrator 
COAST  AND  GEODETIC  SURVEY 

James  C.  Tison,  Jr.,  Director 


Research  Paper 


Deep  Circulation,  Central 

North  Pacific  Ocean: 

1961,  1962,  1963 


By 

Wilham  D.  Barbee 

Commander,  USESSA 


UNITED  STATES  GOVERNMENT  PRINTING  OFFICE:  WASHINGTON;  1965 


For  sale  by  the  Superintendent  of  Documents,  U.S.  Government  Printing  Office  Washington,  D.C.,  20402  — Price  $1.75 


Preface 

Findings  presented  in  this  paper  are  based  upon  field  observations  collected  as  part 
of  the  Coast  and  Geodetic  Survey's  oceanographic  survey  program  of  the  central  North 
Pacific  Ocean.  The  paper  was  prepared  originally  as  a  thesis  in  partial  fulfillment  of  the 
requirements  for  the  degree  of  Master  of  Science  in  oceanography  at  the  University  of 
Washmgton,  Seattle,  Wash.,  in  1964.  As  a  thesis,  the  paper  was  titled  "Deep  Circulation 
in  a  Portion  of  the  North  Pacific  Ocean  During  the  Summers  of  1961,  1962,  and  1963." 
The  author,  who  participated  in  the  North  Pacific  Ocean  survey  during  1961,  1962,  and 
1963,  is  grateful  for  the  opportunity  afforded  him  by  the  Coast  and  Geodetic  Survey 
to  pursue  graduate  study  in  oceanography  at  the  University  of  Washington.  He  would 
like  to  acknowledge  the  interest  and  support  shown  by  the  faculty  and  staff  of  the  Depart- 
ment of  Oceanography  at  the  university  during  preparation  of  the  thesis  — particularly 
Dr.  Clifford  A.  Barnes  for  helpful  guidance,  Dr.  Maurice  Rattray,  Jr.,  for  critical  review, 
Mrs.  Monique  Rona  for  machine  processing  of  data,  and  Mr.  Donald  R.  Doyle  for  prepara- 
tion of  illustrations.  Machine  processing  of  data  and  preparation  of  drawings  were 
supported  in  part  by  the  U.S.  Office  of  Naval  Research  (Contract  Nonr  477-10,  Project 
NR  083012).  The  paper  is  published  in  its  original  form  except  for  editorial  revision  of 
format.  Illustrations  are  grouped  at  the  end  of  the  paper.  The  list  of  symbols  is  in 
appendix  III. 
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Deep      Circulation,     Central     North     Pacific     Ocean: 

1961,  1962,  1963 

Abstract.  Methods  are  reviewed  for  obtaining  velocity  reference  values  such  that  the  absolute  flow  in  the 
deep  sea  can  be  described  in  terms  of  these  reference  values  and  the  dynamic  height  cumputations.  The 
method  of  Murty  and  Rattray  (1962)  for  obtaining  absolute  flow  by  adjusting  the  transports  from  dynamic  height 
computations  to  analogous  values  of  transport  determined  from  the  curl  of  the  wind  stress  was  examined  and 
used  for  calculating  velocities  for  a  portion  of  the  central  North  Pacific  Ocean  between  the  Hawaiian  and  Aleutian 
Islands  from  observations  made  during  the  summers  of  1961,  1962,  and  1963. 

A  predominantly  eastward  flow  was  found  at  depths  of  250  and  500  meters.  This  How  is  similar  to  the 
accepted  pattern  of  flow  in  this  area.  Over  much  of  the  area  velocities  at  4.000  and  5,000  meters  were  on  the 
order  of  1  cm/sec  and  in  a  direction  opposite  to  those  near  the  surface.  The  How  near  the  bottom  tends  to  con- 
form to  salient  features  of  the  bathymetry.  By  comparison  with  flow  inferred  from  the  distribution  of  tem- 
perature and  dissolved  oxygen,  it  is  concluded  that  the  How  at  depths  of  4,000  meters  and  mt)re  computed  for 
the  summer  months  does  not  reflect  the  net  annual  circulation,  but  is  a  periodic  barotropic  flow. 

Errors  in  the  assumptions  in  the  formulation  of  the  equations  used  for  computing  the  How.  in  the  inadequacies 
in  tabulations  ot  wind-driven  transport,  and  in  observational  errors  are  examined. 

1.   Introduction 

1.1   Objectives 

The  method  of  computing  relative  velocities  by  the  dynamic  heights  method  has  be- 
come standard  in  oceanography.  Dynamic  height  computations  can  give  a  realistic 
representation  of  the  absolute  velocity  field  in  respect  to  the  earth  if  proper  allowances 
can  be  made  for  wind  drift  and  it  the  relative  velocities  can  be  referred  to  absolute  veloci- 
ties at  some  level.  However,  the  estimation  of  absolute  velocities  for  reference  has  often 
lacked  rig(tr. 

The  main  objective  of  this  paper  is  to  describe  as  realistically  as  possible,  the 
circulation  in  a  portion  of  the  North  Pacific  Ocean.  A  method  is  developed  which  relates 
transports  calculated  from  oceanographic  station  data  to  geostrophic  transports  deter- 
mined from  the  wind-stress  field  to  find  values  of  the  velocity  near  the  bottom.  These 
velocities  near  the  bottom  are  then  used  as  references  for  the  dynamic  height  velocities. 
The  method  is  applied  using  three  recent  series  of  oceanographic  observations  and  tabu- 
lations of  wind-driven  geostrophic  transports  from  Fofonoff  (1960). 

Defant  (1961)  reviewed  methods  of  defining  and  delineating  a  reference  surface  for 
dynamic  topography.  He  cited  the  method  of  determining  absolute  from  relative  values 
by  comparing  direct  current  measurements  with  the  relative  velocities.  However,  he 
pointed  out  that  the  difficulty  in  making  a  sufficient  number  of  direct  measurements,  each 
long  enough  to  define  the  mean  field  of  motion,  drastically  limits  the  use  of  this  method. 

In  practice,  a  reference  surface  is  selected  arbitrarily  near  the  ocean  bottom  or  as 
deep  as  the  observations  allow.  Surface  and  near-surface  flow  generally  can  be  re- 
alistically estimated  because  velocities  at  the  reference  depth  are  usually  negligible  in 
comparison  to  velocities  near  the  surface.  However,  this  arbitrary  selection  of  a  reference 
level  can  result  in  relatively  large  errors  in  computing  velocities  of  the  deeper  currents, 


and  in  computations  of  transport.  Generally,  the  depth  of  zero  velocity  will  not  be  a  level 
surface,  but  will  vary  from  place  to  place.  In  some  early  attempts  to  define  this  variable- 
depth  reference  surface,  it  was  placed  at  the  depth  of  minimum  dissolved  oxygen.  How- 
ever, it  is  difficult  to  accept  the  assumption  that  the  minimum  of  dissolved  oxygen  is  a 
consequence  of  no  horizontal  advection.  Further,  velocities  obtained  using  this  reference 
surface  were  unrealistic. 

Defant  calculated  the  depth  of  the  reference  surface  by  a  method  which  is  implicit 
in  the  dynamic  height  observations.  He  used  his  method  to  construct  a  chart  of  the 
depth  of  the  reference  surface  in  the  Atlantic  Ocean.  A  plot  was  made  of  pressure  (or 
depth)  versus  the  difference  in  dynamic  heights  for  each  pair  of  adjacent  stations.  The 
plotted  curve  represents  the  velocity  component  normal  to  the  section.  Any  part  of  the 
plotted  curve  that  is  parallel  to  the  pressure  coordinate  represents  a  depth  interval  of 
constant  velocity.  Defant  reasoned  that  the  velocity  is  more  likely  to  be  zero  in  this  layer 
of  no  shear  stress  than  at  any  other  level.  In  constructing  his  chart  of  the  depth  of  this 
reference  surface,  he  made  the  additional  assumption  that  the  horizontal  flow  parallel 
to  the  dynamic  height  section  is  also  zero  at  this  level.  Although  this  method  of  selecting 
a  reference  surface  is  subjective,  its  use  has  resulted  in  consistently  reahstic  velocity 
fields.  This  is  essentially  the  method  used  by  Russian  mvesiigators  working  with  1958- 
1959  Vityaz  data  from  the  North  Pacific  Ocean  (Chekotillo,  1961). 

Stommel  (1956)  described  a  method  for  determining  the  depth  of  no  meridional  motion 
by  equating  the  divergence  of  the  Ekman  transport  with  the  divergence  of  the  geostrophic 
transport.  Using  the  concept  introduced  by  Fofonoff  (1962)  that  the  total  transport  can 
be  separated  into  a  barotropic  mode,  a  baroclinic  mode,  and  an  Ekman  transport,  Stom- 
mel's  method  can  be  expressed  as  a  relationship  between  these  three  modes: 

where  the  F's  represent  mass  transport  per  unit  width,  vi,  is  the  velocity  at  the  bottom, 
h  is  the  total  depth,  p,,,  is  the  mean  density  of  the  water  column,  and  the  subscripts  f  and  g 
denote  Ekman  and  baroclinic  modes,  respectively.  Stommel  did  not  consider  the  effects 
of  bottom  topography  on  the  divergence  of  the  barotropic  mode  of  transport. 

Murty  and  Rattray  (1962),  Fofonoff  (1961),  Favorite  (1961),  and  Dodimead,  Favorite, 
and  Hirano  (1962)  have  compared  barochnic  transports  with  wind-driven  transports. 
The  method  used  by  Murty  and  Rattray,  in  which  the  baroclinic  transport  is  compared 
with  the  wind-driven  geostrophic  transport  to  obtain  a  velocity  near  the  bottom,  is  used 
herein.  The  method  is  developed  in  appendix  I  and  a  numerical  example  is  given  in  ap- 
pendix 11. 

Russian  workers  have  determined  deep  currents  by  similar  methods.  Koshlyakov 
(1961)  reported  computations  in  the  North  Pacific  Ocean  based  on  arguments  similar  to 
Stommel's,  but  included  the  effects  of  variations  in  depth  by  means  of  an  expression 
similar  to: 

PmVb  = ■ 


difh) 

dy 

In  this  expression  the  new  terms  Tsx  and  Tsy  are  wind  stresses  at  the  surface,  /3  is  the  rate 
of  change  of  the  Coriolis  parameter  with  latitude,  and  /  is  the  Coriolis  parameter.  This 
expression  is  valid  in  areas  where  the  product  of  the  zonal  component  of  velocity  at  the 
bottom  and  the  zonal  component  of  the  bottom  slope  is  much  smaller  than  the  product 
of  the  meridional  Components  of  the  same  variables. 


1.2  Observations 

In  1961,  the  Coast  and  Geodetic  Survey  of  the  United  States  Department  of  Commerce 
began  field  work  on  a  survey  of  that  part  of  the  North  Pacific  Ocean  between  the  Hawaiian 
Islands  on  the  south,  the  Aleutian  Islands  on  the  north,  and  (approximately)  the  158°  W 
and  180°  meridians  on  the  east  and  west,  respectively.  Oceanographic  stations  in  this 
program  included  observations  of  temperature  by  reversing  thermometers,  salinity  by 
salinometer,  and  dissolved  oxygen  by  Winkler  titration  (table  1  and  fig.  1).  Only  those 
stations  deeper  than  2,000  meters  (fig.  2)  were  useful  for  the  present  study.  The  field 
observations  are  summarized  graphically  in  figures  3  through  17. 

Table   1.  — Recent  Coast  and  Geodetic  Survey  observations  in  the  central  North  Pacific 

Ocean 


Year 

Dates 

Vessel 

Sections 

Number 
of  deep 
stations 

National  Oceanographic 

Data  Center  reference 

number 

1961 

1962 
1963 

10  Sept.-12  Oct. 

22  Aug.-25  Sept. 
6-29  May 
6-29  May 

Pioneer 

Pioneer 
Pioneer 
Surveyor 

160  °W.  long. 
177  °W.  long. 
160  °W.  long. 
165  °W.  long. 
180  °  long. 

6 

6 

10 

10 

6 

31099 
31099 
31099 

Values  for  the  variables  at  standard  depths  and  computed  values  of  sigma-f,  the 
specific  volume  anomaly,  the  geopotential  anomaly,  and  the  potential  energy  anomaly 
(Fofonoff,  1962),  were  determined  by  means  of  an  interpolation  and  computation  program 
prepared  by  the  Applied  Mathematics  staff  of  the  Department  of  Oceanography,  University 
of  Washington.  The  computations  were  made  on  the  University's  IBM  709  computer. 
The  1961  and  1962  observations  were  also  submitted  to  the  National  Oceanographic  Data 
Center,  where  values  for  standard  depths  were  again  calculated.  The  values  reported 
by  the  National  Oceanographic  Data  Center  disagree  slightly  with  those  from  the  Uni- 
versity because  ot  minor  variations  in  the  two  interpolation  and  computation  programs. 


1.3  Description  of  the  Area 

The  observations  listed  above  are  of  considerable  interest  in  supporting  recent  de- 
criptions  of  the  fields  of  oceanographic  variables  in  the  central  North  Pacific  Ocean. 
Since  1955,  co-operative  efforts  such  as  those  summarized  by  the  NORPAC  Committee 
(1960a,  b),  observations  resulting  from  International  Geophysical  Year  cruises,  programs 
of  the  International  North  Pacific  Fisheries  Commission  and  of  the  Bureau  of  Commercial 
Fisheries  in  connection  with  its  Pacific  Oceanic  Fisheries  Investigations,  have  provided 
a  basis  for  detailed  descriptions  of  the  area  by  previous  investigators.  The  present 
investigation  confirms  these  descriptions  of  temperature,  salinity  and  oxygen  distributions 
(figs.  3  to  17  inclusive),  and  amplifies  certain  details.  However,  the  primary  purpose  of 
this  investigation  is  to  describe  the  circulation  and  characteristics  of  the  deep  water. 

Most  oceanographic  descriptions  of  this  area  treat  the  upper  1,000  meters  because 
that  stratum  includes  the  more  striking  parts  of  the  structure,  and  relatively  few  data 
are  available  from  greater  depths.  Hence,  most  descriptions  of  the  circulation  deal  with 
surface  velocities  or  are  limited  to  velocities  and  transports  above  1,000  meters.  Reid 
(1961)  described  the  surface  geostrophic  flow  for  the  Pacific  Ocean.  His  calculations 
were  based  on  a  level  of  no  net  motion  at  1,000  decibars.  The  NORPAC  Atlas  (1960a) 
covers  in  greater  detail  the  geostrophic  flow  in  the  North  Pacific  Ocean.  Permanent 
features  of  the  surface  flow  in  the  central  north  Pacific  Ocean  are:  the  Alaskan  Stream  and 


Alaskan  Stream  Extension.,  which  form  a  relatively  intense  westerly  flow  south  of  and 
closely  confined  to  the  Aleutian  Island  Arc.  A  zone  of  easterly  flow  lies  between  30°  N 
and  50°  N.  Dodimead,  Favorite,  and  Hirano  (in  press)  designate  parts  of  this  easterly 
flow  as  the  Subarctic  Current,  made  up  in  large  part  of  Oyashio  waters:  the  Westwind 
Drift,  originating  where  parts  of  the  Oyashio  and  Kuroshio  meet  and  turn  eastward:  and 
the  North  Pacific  Current,  formed  by  the  main  flow  of  the  Kuroshio  which  turns  easterly 
at  about  35°  N.  From  30°  N  to  the  southern  limits  of  the  present  study  area  the  flow  is 
weak,  as  would  be  expected  near  the  center  of  the  anticyclonic  flow  in  the  subtropical 
north  Pacific  Ocean.  A  westerly  flow  persists  at  the  southern  limit  (23°30'N)  of  the 
present  investigation. 

Strong  gradients  of  temperature  and  salinity  are  found  across  the  Westwind  Drift. 
This  band  of  strong  gradients,  extending  nearly  across  the  north  Pacific  Ocean  is  called 
the  Polar  Front.  Fleming  (1955,  1958),  Uda  (1963),  and  Dodimead,  Favorite  and  Hirano 
(in  press)  divide  the  North  Pacific  Ocean  into  natural  regions  based  on  the  current  systems 
and  the  associated  characteristics  of  temperature,  salinity  and  dissolved  oxygen.  The 
southern  edge  of  the  Polar  Front  is  the  boundary  between  the  Subarctic  Region  in  the  north 
and  the  Subtropic  Region  in  the  south.  Dodimead  and  coworkers  define  the  boundary 
between  the  two  regions  as  the  zone  where  the  34°/oo  isohaline  is  nearly  vertical  from  the 
surface  to  a  depth  of  300  to  500  meters  (figs.  4,  7, 10, 13,  and  16).  In  the  present  study  area, 
the  boundary  occurs  at  about  40°  N. 

Above  1,000  meters,  the  density  structure  in  the  Subarctic  Region  is  dominated  by 
salinity  effects.  Seasonal  variations  in  the  salinity  structure  are  exhibited  only  in  the  zone 
extending  from  the  surface  to  about  100  meters.  Below  this  zone  a  permanent  halocline, 
in  which  the  salinity  increases  rapidly,  occurs  in  the  100-  to  200-meter  depth  interval. 
Below  the  halocbne,  the  salinity  gradually  increases  with  depth.  Fleming  (1958),  and 
TuUy  and  Barber  (1960)  have  described  the  salinity  structure  in  detail.  The  negligible 
seasonal  variation  in  aU  but  the  upper  100  meters  of  the  water  column  is  explicit  in  their 
descriptions.  The  temperature  and  salinity  structures  in  the  Subarctic  Region  are  subject 
to  pronounced  seasonal  variations  through  the  same  depth  interval.  A  temperature  mini- 
mum is  often  present  in  the  depth  interval  of  the  halocline  as  shown  in  the  northern  end 
of  the  sections  (figs.  6,  9,  and  12).  The  salinity  distribution  dominates  the  density  struc- 
ture and  maintains  stability  despite  the  temperature  inversion. 

The  halocline  becomes  progressively  less  pronounced  southward  through  the  Polar 
Front,  and  finally  disappears. 

In  the  Subtropic  Region  there  is  no  permanent  halocline.  Here  the  density  structure 
in  the  upper  1,000  meters  is  dominated  by  a  strong  thermocline  extending  to  depths  of  600 
to  800  meters  (figs.  3,  6,  9,  12,  and  15).  A  salinity  minimum  occurs  at  depths  of  500  to 
600  meters  (figs.  4,  7,  10,  13,  and  16).  Seasonal  effects  in  the  surface  layers  in  the  Sub- 
tropic Region  are  less  pronounced  than  in  the  Subarctic  Region. 

The  division  of  the  North  Pacific  Ocean  into  regions  on  the  basis  of  the  temperature 
and  salinity  distributions  applies  between  the  surface  and  1,000  meters.  Below  1,000 
meters,  temperature  and  salinity  structures  are  similar  throughout  the  area. 

The  dissolved  oxygen  structure  is  characterized  by  a  minimum  occuring  between  600 
and  1,200  meters.  It  occurs  at  about  600  meters  immediately  south  of  the  Aleutian  Island 
Arc,  descends  to  about  1,200  meters  in  the  region  of  the  Polar  Front,  and  ascends  through 
the  Subtropic  Region  to  about  800  meters  near  23°30'N.  A  noteworthy  feature  of  the 
meridional  sections  of  oxygen  concentration  (figs.  5,  8,  11,  14,  and  17)  is  the  thickening 
of  the  zone  of  low  oxygen  values  in  the  northern  part  of  the  area.  From  46°N  to  52°N, 
the  thickness  of  the  oxygen  zone,  of  concentrations  less  than  1  milliliter/liter,  is  twice 
that  south  of  40°N. 

Figures  19  through  54  show  the  results  of  the  dynamic  computations  for  the  sections 
investigated  in  this  study.     These  will  be  considered  in  the  text  which  follows. 


2.   Statement  of  the  Problem 

2.1  Outline  of  Procedure 

The  basic  premise  is  that  the  mass  transport  calculations  tabulated  by  Fofonoff  (1960) 
describe  the  total  transport,  and  that  they  can  be  used  as  reference  values  for  transport 
calculations  by  the  dynamic  heights  method.  The  procedure  for  determining  these 
reference  values  is  as  follows: 

a.  The  geostrophic  mode  of  the  total  transport  is  extracted  from  FofonofTs  tabula- 
tion for  the  section  separating  two  oceanographic  stations. 

b.  Transport  through  the  same  section  is  computed  from  the  dynamic  heights  at 
the  two  stations.  These  dynamic  height  calculations  are  based  on  a  level  at 
4,000  or  5,000  meters,  whichever  more  nearly  equals  the  mean  depth  of  the 
section. 

c.  The  transport  determined  in  b  (as  described  by  the  dynamic  heights)  is  the 
total  baroclinic  transport  (provided  the  flow  due  to  internal  structure  vanishes 
at  the  bottom)  and  the  difference  between  the  transports  determined  by  methods 
a  and  b  must  be  the  barotropic  transport.  This  barotropic  transport  divided 
by  the  water  density  and  the  area  of  the  section  gives  the  barotropic  velocity. 

d.  Combining  the  barotropic  velocity  with  baroclinic  velocities  determined  from 
the  dynamic  height  calculations  results  in  a  description  of  the  total  geostrophic 
flow  through  the  section.  If  the  assumption  in  c  (that  baroclinic  flow  is  zero  at 
the  bottom)  is  not  valid,  then  the  division  of  the  flow  into  barotropic  and  baro- 
clinic modes  is  indeterminate;  but  the  description  of  the  total  geostrophic  flow 
and  its  variation  with  depth  is  still  valid. 


To  establish  a  basis  in  theory  for  the  method,  to  determine  the  hmitations  of  (and  the 
assumptions  made  in)  FofonofTs  (1960)  transport  calculations,  and  to  justify  using  his  re- 
suhs  in  the  present  manner,  it  is  necessary  to  develop  apphcable  expressions  for  transport. 
This  has  been  done  in  appendix  I.  Based  on  FofonofTs  (1962)  treatment  of  Munk's  (1950) 
wind-driven  flow  formulation,  the  expressions  developed  for  barotropic  velocities  ui,  and 
Vh  are: 
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In  (35a),  <//  is  a  transport  function  for  total  transport,  and  so  the  first  term  in  the  numerator 
on  the  right  expresses  the  total  transport  through  a  meridional  section.  Zonal  Ekman 
transport  per  unit  length  along  the  meridian  is  denoted  Ue,  R  is  the  radius  of  the  earth, 
and  A(/)  is  a  change  in  latitude,  so  the  second  term  is  Ekman  transport  through  the  same 
section.  The  final  term  is  baroclinic  transport,  expressed  as  the  difference  in  potential 
energy  anomalies,  x,  across  the  section,  divided  by  the  Coriohs  parameter,/.  The  de- 
nominator on  the  right  side  is  the  mean  density,  p,„,  times  the  area  of  the  section,  hRAcf). 


2.2  Assumptions  and  Approximations 

The  validity  of  results  from  the  approach  used  here  is  dependent  on  the  assumptions 
(a)  that  the  wind-driven  geostrophic  transport  tabulated  by  Fofonoff  (1960)  is  accurate 
in  the  region  of  interest;  (6)  that  acceleration  terms,  bottom  friction  terms  and  horizontal 
friction  terms  can  be  neglected  in  developing  the  expressions  for  wind-driven  transport 
(p.  21,  appendix  I);  and  (c)  that  convergence  due  to  the  effect  of  bottom  topography  can 
be  neglected.  The  results  will  also  depend  on  {d)  the  accuracy,  precision,  number  and 
distribution  of  the  oceanographic  observations. 

(a)  Fofonoff  (1960,  p.  3),  in  considering  the  applicability  of  his  computations  of  wind 
stress  at  the  surface,  stated,  "It  should  be  remembered  that  the  transports  are  very  sen- 
sitive to  the  proportionality  factors  used  in  relating  geostrophic  to  surface  wind  and 
surface  wind  to  wind  stress.  Numerical  equivalence  of  computed  and  observed  transports 
is  not  anticipated."     His  calculations  of  surface  stress  are  based  on  the  equation 

where  Ts  is  the  surface  stress,  p„  is  the  air  density,  Cu  is  the  drag  coefficient,  and  w  is  the 
wind  speed.  It  is  assumed  that  the  wind  speed  and  stress  magnitude  are  functions  of 
the  pressure  difference,  Ap,  between  positions  so  that 

Additional  error  is  introduced  in  Fofonoff's  computed  stresses  by  using  the  square  of 
monthly  means  of  pressure  differences,  (Apf,  rather  than  computing  the  mean  stress  from 
the  actual  pressure  (that  is,  satisfying  the  relationship  t.s-  "^  Ap^).  The  error  arising  from 
calculation  of  stresses  from  a  monthly  mean  of  pressure  differences  rather  than  using 
the  monthly  mean  of  stresses  estimated  from  continuous  reports  of  pressure  is  propor- 
tional to  the  variance  of  the  pressure  differences.  Since  Ap^  is  larger  than  (Ap)^,  the  less 
rigorous  relationship  leads  to  stresses  that  are  too  small. 

Fofonoff  (1960)  used  a  value  of  0.0026  for  the  drag  coefficient  in  his  tabulation  of 
wind-driven  transport.  Deacon  and  Webb  (1962)  have  summarized  recent  determinations 
and  find  a  range  of  values  from  about  0.0010  to  0.0015.  Because  of  the  linear  relation- 
ships between  the  drag  coefficient  and  Ekman  and  total  transport,  this  discrepancy  in- 
creases FofonofTs  values  by  a  factor  of  about  2. 

Graphic  comparisons  have  been  made  to  assess  the  effects  of  these  two  discrepancies. 
Figure  18  shows  the  alternate  determinations  for  the  variation  with  latitude  of  integrated 
geostrophic  transport  in  September  1962  (Section  3).  The  three  determinations  are 
based  on: 

(i)  stresses  obtained  by  using  a  drag  coefficient  of  0.0026  and  monthly  means  of 

pressure  differences; 
(ii)  a  drag  coefficient  of  0.0026  and  a  monthly  mean  of  values  estimated  from  twice- 
daily  pressure  reports;  and, 
(iii)  a  drag  coefficient  of  0.0012  and  a  monthly  mean  of  the  values  estimated  from 
twice-daily  pressure  reports. 
The  use  of  the  higher  drag  coefficient  (of  0.0026)  rather  than  the  more  nearly  correct 
value  of  0.0012  leads  to  high  transport  values;  but  the  use  of  monthly  mean  pressures 
(rather  than  means  from  twice-daily  values)  gives  low  transports.     Accordingly,  errors  in 
method  (i)  are  partly  compensated  and  the  results  obtained  agreed  well  with  method  (iii); 
whereas  method  (ii)  gives  erroneously  high  results  in  all  cases.     Figures  38,  39  and  41 
show  for  the  5,000  meter  level  the  dynamic  topography  resulting  from  the  September  1962, 
observations  adjusted  to  these  three  techniques  of  wind-driven  transport  computation. 


The  effects  of  adjustin";  the  dynamic  topography  to  the  geostrophic  transport  by 
methods  (i)  and  (iii)  can  be  seen  by  comparing  figures  42  to  47  (drag  coefficient  of  0.0026 
and  monthly  mean  pressures)  with  figures  49  to  54  (drag  coefficient  0.0012  and  twice-daily 
mean  pressures).  These  figures  show  the  same  general  pattern  and  similar  slopes  with 
discrepancies  of  only  1  to  2  dynamic  centimeters  in  a  few  locations. 

(b)  The  calculations  for  wind-driven  transport  for  each  month  are  based  on  the  stress- 
distribution  for  that  month's  mean  pressure  distribution,  without  consideration  of  initial 
conditions  or  the  inertial  response  characteristics  of  the  ocean.  For  the  assumption  to 
hold  that  acceleration  terms  are  negligible,  the  ocean  system  must  be  essentially  in  equi- 
librium with  wind-imposed  forces  during  each  month  considered.  Intuitively,  a  response 
time  shorter  than  one  month  would  seem  realistic  for  the  barotropic  mode,  but  intuition 
as  well  as  analysis  of  observations  precludes  such  short  response  times  for  the  baroclinic 
mode.  Veronis  and  Stommel  (1956),  in  their  treatment  of  variable  wind  stress  on  a  two- 
layered  ocean  without  lateral  boundaries,  showed  that  for  periods  of  the  order  of  one  month, 
acceleration  terms  were  unimportant  in  both  the  barotropic  and  baroclinic  modes.  An 
explanation  for  this  is  that  the  barotropic  mode  has  a  response  time  much  shorter  than  one 
month  and  so  it  is  at  all  times  essentially  in  equilibrium  witli  the  driving  force,  while  the 
baroclinic  mode  primarily  responds  to  forces  with  periods  of  the  order  of  one  year  or  more. 
Presumably  fluctuations  of  wind  stress  for  periods  shorter  than  one  month  will  give  in- 
significant accelerations. 

In  addition  to  wind  stress,  bottom  and  lateral  friction  must  also  be  considered.  Proud- 
man  (1953)  calculated  bottom  stress  using  the  square  law 

in  which  the  drag  coefficient,  d,,  is  taken  as  0.0025,  pi,,  the  density  of  water  at  the  bottom 
is  roughly  1  gm/cm-',  and  ui,.  the  velocity  in  cm/sec,  is  measured  one  meter  above  the  bot- 
tom. In  the  present  investigation,  deep  velocities  on  the  order  of  1  cm/sec  were  found. 
Under  these  conditions,  bottom  stresses  would  be  of  the  order  of  0.002  dynes/cm^  and 
neghgible  compared  to  surface  stresses. 

Munk  (1950)  developed  expressions  for  wind-driven  transport  in  a  central  region  of 
the  ocean  in  which  horizontal  friction  terms  were  neglected.  These  expressions  result 
in  a  distribution  of  transport  conforming  to  the  distribution  of  properties,  and  thus  support 
the  assumption  that  htirizontal  friction  is  negligible  in  central  oceanic  regions. 

(r)  The  assumption  that  divergence  due  to  the  effect  of  bottom  topography  is  neg- 
hgible in  the  area  of  study  is  examined  here.  Sverdrup  (1947),  Munk  (1950),  and  Fofonoff 
(1962)  all  specified  that  the  transport  was  made  up  of  only  baroclinic  and  Ekman  modes; 
therefore,  the  treatment  of  the  bottom  convergence  problem  was  not  pertinent.  If  equa- 
tions (22),  (23),  and  (24)  from  appendix  I  are  added  and  the  term  for  bottom  effects  retained: 

ft(V,i + Ve + v„) = — ^ — - — p'f[un—+v„—y 

f*A-        ay  V      dx  dy) 

The  term  for  bottom  effects  can  be  expressed  as 

p'/d^^lcOS    0|V2ft|), 

where  6  is  the  angle  between  the  bottom  velocity  and  gradient  vectors.     Substituting  and 
rearranging, 

J.  _\j)xi^  j  p'f(\v„\co%  d\'^  Z,,\) 

^h— y  g—  y  E 


fi        '«  "•-  ^ 


The  meridional  barotropic  transport  can  also  be  approximately  expressed  as 

V/j  —  hvt,pm- 

As  noted  in  the  discussion  of  the  accuracy  and  precision  of  observations  in  section  (d) 
which  follows,  velocities  are  significant  to  within  about  0.6  cm/sec.  Representative 
values  of  the  depth,  h,  and  the  mean  density,  p„„  are  500,000  cm  and  1  gm/cm'',  respec- 
tively, so  the  resuhing  difference  in  barotropic  transport  for  a  velocity  difference  of  0.6 
cm/sec  would  be 

Vi,'~S-l(y'  gm  cm"'  sec', 

and  terms  on  the  right  side  of  the  expression  for  barotropic  transport  of  order  10^  gm  cm~' 
sec"'  and  less  could  be  neglected.  Total  transport  and  barotropic  transport  terms  are  of 
the  order  lO'  gm  cm"'  sec"'.  The  Ekman  transport  is  of  the  order  10^  or  10^  gm  cm"' 
sec"'. 

In  examining  the  data  from  September  1961  (fig.  28),  it  is  apparent  that  the  most  critical 
combination  of  bottom  velocity  and  bottom  slope  occurs  at  the  Hawaiian  Island  Rise. 
Between  stations  25  and  26,  the  bottom  velocity  is  about  2  cm/sec.  The  bottom  slope  of 
2  ■  10"'*  was  computed  from  the  smoothed  isobaths  on  H.O.  Chart  5486  and  is  in  general 
agreement  with  that  computed  from  station  soundings.  The  angle  6  which  the  stream 
lines  make  with  a  line  normal  to  the  isobaths  is  uncertain  because  of  the  lack  of  detail 
of  bottom  topography  and  the  general  character  of  the  velocity  determinations.  It  is  ap- 
parent, however,  that  the  bottom  water  tends  to  flow  along  the  bottom  contours,  a  tendency 
particularly  evident  in  the  northern  and  southwestern  portions  of  the  area  observed  (figs 
27  and  28).  Assuming  a  value  of  9  of  85°  (suggested  in  the  present  data  by  the  close  ap- 
proach of  the  direction  of  the  bottom  currents  to  the  isobaths),  bottom  velocity  as  2  cm/sec, 

^  as  3  X  10*^  for  25°  N,  and  p—l  gm/cm'',  the  magnitude  of  the  final  term  in  the  expres- 
sion for  barotropic  transport  is  approximately  10'^  gm  cm"'  sec"'.  This  magnitude  in  a 
depth  of  5,000  meters  results  in  a  constant  velocity  of  0.2  cm/sec  — one  third  the  significant 
value  of  0.6  cm/sec  (see  below). 

(d)  Since  the  ratios  of  the  baroclinic  to  barotropic  modes  within  the  flow  are  computed 
from  oceanographic  observations,  the  accuracy  and  the  precision  of  these  observations 
must  be  examined  for  their  influence  on  the  velocity  at  any  level.  Velocity  at  the  bottom 
is  of  primary  interest.  If  values  of  ±0.01°C  and  ±0.01'Voo  are  accepted  as  the  precision 
of  temperature  and  salinity  measurements  and  the  difference  between  stations  is  such  as  to 
give  the  maximum  error  in  specific  volume  anomaly  for  the  interval  of  0  to  1,000  decibars, 
an  error  of  ±0.01  dynamic  meter  will  arise.  Wooster  and  Taft  (1958),  using  a  statistical 
approach  to  this  problem,  found  that  the  standard  error  of  the  difference  in  geopotential 
anomaly  (0  over  1,000  db)  between  two  stations  is  0.0056  dynamic  meter  and  conclude  that 
the  measurement  error  of  this  difference  is  ±0.011  dynamic  meter  (26).  For  a  pair  of 
stations  at  30°  latitude  separated  by  250  km,  the  error  in  the  computed  geostrophic  velocity 
is  ±0.6  cm/sec.  These  values  of  anomaly  and  velocity  must  be  kept  in  mind  when  asses- 
sing the  significance  of  the  horizontal  velocities  determined  in  this  program.  The  method 
used,  equating  baroclinic  transport  plus  barotropic  transport  to  wind-driven  geostrophic 
transport,  partially  compensates  for  errors  in  the  observations.  Any  observational  error 
leading  to  a  baroclinic  transport  too  large  will  result  in  barotropic  transport  too  small  by 
the  same  amount.  Thus  the  barotropic  velocity,  constant  with  depth,  will  be  slightly  too 
small.  The  error  in  total  computed  velocity  at  the  depth  of  the  observational  error  will  be 
shghtly  less  than  that  in  the  baroclinic  velocity  and  almost  negligible  at  other  depths. 

8 


The  significant  value  of  geopotential  anomaly  (0.01  dynamic  meter)  must  also  be  con- 
sidered in  assessing  the  significance  of  computed  vertical  velocities.  Since  the  flovs' 
determined  here  is  geostrophic,  the  variation  of  vertical  velocity,  w,  with  depth  can  be 
approached  through  the  expression 

dw     13 

dz      J 

where  vi&  the  meridional  component  of  total  velocity  and  /3  and /are  as  previously  defined. 
In  the  present  study  area  the  horizontal  flow  is  mainly  zonal:  meridional  velocities  are 
usually  of  the  same  order  as  the  level  of  significance  determined  for  horizontal  velocities. 

So  the  values  of  —  obtained  by  the  above  expression  are  questionable. 
dz 

To  help  establish  the  consistency  of  the  observations,  and  also  to  determine  the  validity 

of  the  proposition  that  baroclinic  velocity  vanishes  at  the  bottom,  plots  were  made  of  the 

geopotential  anomaly  as  a  function  of  latitude.     Figures  19  and  20  show  the  geopotential 

anomaly  at  4,000  meters  referred  to  5,000  meters;  figures  21  and  22  are  of  the  anomaly 

at  3,000  meters  referred  to  5,000  meters.     At  4,000  meters,  the  greatest  range  of  the 

anomaly  is  0.02  dynamic  meter,  only  twice  the  measurement  error.     This  does  not  permit 

the  assumption  that  baroclinic  flow  in  the  interval  from  5,000  to  4,000  meters  can  be 

ignored,  but  it  does  indicate  the  relative  unimportance  of  this  deep  internal  structure. 

The  geopotential  anomaly  at  3,000  meters  referred  to  5,000  meters  varies  more  with  time 

and  place  than  does  the  anomaly  at  4,000  meters.     Effects  of  water  structure  in  the  3,000- 

to  4,000-meter  interval  must  certainly  be  included  in  the  determinations. 
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3.  Results 


3.1  Horizontal  Velocities 


Dynamic  heights  were  calculated  and  adjusted  to  give  transports  equal  to  those  de- 
termined from  the  curl  of  the  wind  stress  (see  appendix  II  for  a  numerical  example).  These 
adjusted  heights  are  shown  as  hnes  of  equal  geopotential  through  the  area  of  the  investi- 
gation (figs.  23  through  54).  The  selected  contour  interval  is  0.01  dynamic  meter,  a  value 
which  is  uncertain  in  the  upper  levels  where  the  paucity  of  stations  must  result  in  excessive 
smoothing  of  the  dynamic  topography.  But  this  interval  is  used  throughout  to  facilitate 
comparison  of  all  levels. 

3.1.1  Velocities  in  1961.  — \n  figures  23  through  28,  the  wind-driven  geostrophic  trans- 
port for  September  1961  was  used  to  obtain  reference  values  for  dynamic  height  calcula- 
tions based  on  oceanographic  observations  made  during  that  month.  Geopotential 
anomalies  at  the  250,  500,  1,000,  2,000,  4,000,  and  5,000  meter  levels  are  presented.  The 
geostrophic  transport  for  these  figures  was  determined  from  the  difference  between  wind- 
driven  total  transport  and  Ekman  transport.  Figure  29  shows  the  geopotential  anomalies 
at  5,000  meters  calculated  from  the  September  1961  oceanographic  data  and  the  wind- 
driven  geostrophic  transport  which  was  computed  from  the  tabulated  geostrophic  transport 
function.  Figures  30  through  32  show  the  results  of  a  comparison  of  the  flow  computed 
from  the  geostrophic  transport  function  in  August  1961. 

The  flow  pattern  was  generally  zonal,  especially  in  the  upper  layers.  North  of  about 
40°  N,  the  direction  of  flow  was  easterly  at  250,  500,  and  1,000  meters,  but  reversed  to 
westerly  at  2,000,  4,000,  and  5,000  meters.  South  of  30°  N,  a  significant  southerly  flow 
occurred  at  250  and  500  meters.  At  2,000  meters,  and  below,  the  flow  conformed  to  the 
trend  of  the  bottom  contours  along  the  Hawaiian  Island  Rise.  The  deep  velocities  were 
westerly  north  of  the  rise  and  easterly  south  of  it.  Figures  28  and  29  can  be  used  to  com- 
pare the  consequences  of  using  the  wind-driven  flow  with  and  without  consideration  of 
Ekman  divergence  to  obtain  reference  values  for  dynamic  heights.  No  significant  differ- 
ences are  noted.  An  analysis  of  the  oceanographic  observations  used  in  these  determina- 
tions (or  of  other  observations  in  the  same  area)  shows  the  water  structure  leading  to 
baroclinic  transport  to  vary  only  slightly.  A  comparison  between  September  1961  oceano- 
graphic data  adjusted  for  transports  from  the  wind  stresses  of  September  (figs.  26,  27,  and 
28)  and  then  of  August  (figs.  30,  31,  and  32)  gives  an  indication  of  the  variations  in  the 
barotropic  velocity. 

The  flow  at  4,000  and  at  5,000  meters  tended  to  conform  to  the  isobaths.  This  ten- 
dency was  evident  both  at  the  Hawaiian  Island  Rise  and  near  the  Aleutian  Trench. 

3.1.2  Velocities  in  7962. —  The  oceanographic  observations  in  1962  comprise  a  single 
section  along  the  160°W  meridian.  By  adjusting  the  values  of  the  dynamic  heights  to 
yield  transports  equal  to  the  geostrophic  transports  arising  from  different  wind  stress  dis- 
tributions, an  evaluation  is  made  of  the  effects  of  (a)  estimating  wind  stress  from  a  monthly 
mean  of  atmospheric  pressure  distributions  contrasted  to  estimating  it  from  twice-daily 
reports  of  pressure  distribution  and  taking  a  monthly  mean  of  these  values,  and  (b)  using 
different  drag  coefficients  in  combination  with  the  two  alternate  methods  of  finding  the 
mean  monthly  stress  values.  Figures  33  through  38  show  the  geopotential  topography 
adjusted  to  geostrophic  transport  arising  from  wind  stresses  based  on  a  drag  coefficient 
of  0.0026  and  the  mean  pressure  distribution  for  September  1961.  Figure  39  is  based  on 
the  same  drag  coefficient  but  the  average  of  two  daily  reports  of  atmospheric  pressure 
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were  used  in  computing  stresses.     Figures  40  and  41  are  based  on  a  drag  coefficient  of 
0.0012  and  twice-daily  reports  of  atmospheric  pressure. 

The  flow  patterns  as  computed  vary  with  the  method  of  calculating  stresses  and 
particularly  marked  differences  in  these  computed  patterns  occur  in  high  latitudes.  Com- 
parison of  figure  38  with  figure  39  shows  that  ahernative  methods  of  computing  mean 
stresses  give  apparent  velocities  in  opposite  directions  north  of  45°N.  However,  when 
both  the  drag  coefficient  and  the  method  of  obtaining  mean  stresses  were  changed  (figs. 
40  and  41),  the  resulting  velocities  at  equal  levels  were  but  little  different  up  to  45°N  from 
those  indicated  in  figures  36  and  38.  It  should  be  noted  that  Ekman  divergence  is  not 
considered  in  figures  36  and  38,  and  its  significance  is  discussed  in  a  following  section. 
The  use  of  0.0026  as  the  drag  coefficient  resulted  in  values  for  stress  that  apparently  were 
too  large,  but  calculating  stress  values  from  a  monthly  mean  of  pressure  distribution  rather 
than  estimating  stresses  from  twice-daily  reports  of  pressure  and  then  taking  a  monthly 
mean  led  to  stress  values  that  apparently  were  too  small,  and  these  discrepancies  tend  to 
cancel  one  another. 

3.1.3  Velocities  in  1963.  — The  oceanographic  data  for  1963  are  presented  in  the  same 
manner  as  the  1961  data.  Figures  42  through  47  are  of  geopotential  topography  adjusted 
to  wind-driven  geostrophic  transport  with  consideration  of  Ekman  divergence.  The 
wind-driven  transport  is  based  on  a  drag  coefficient  of  0.0026,  and  the  mean  pressure 
distribution  for  May  1963  is  used.  As  in  the  1961  results,  flow  was  mainly  zonal.  North 
of  40°  N,  the  flow  at  250,  500,  and  1,000  meters  was  easterly.  Velocities  decreased  from 
about  3  cm/sec  at  250  meters  to  less  than  1  cm/sec  at  1,000  meters.  From  40°  to  30°  N, 
flow  was  southerly.  At  500  meters,  flow  was  easterly  or  northeasterly  north  of  30°  N;  it 
was  southwesterly  south  of  30°  N.  At  the  1,000-meter  level,  the  flow  south  of  40°  N  was 
poorly  defined  in  the  1963  data,  though  there  were  indications  of  a  cyclonic  flow  centered 
at  about  35°  N,  180°.  South  of  28°  N,  there  was  a  weak  westerly  set.  At  2,000  meters, 
flow  was  weak  over  most  of  the  area  and  there  is  some  indication  of  an  anticyclonic  cir- 
culation centered  near  35°  N,  180°.  The  patterns  of  the  flow  at  4,000  and  5,000  meters 
were  similar  to  each  other.  North  of  45°  N,  velocities  at  these  depths  were  of  the  order 
of  1  cm/sec  westerly,  and  were  the  largest  found  at  or  below  4,000  meters  in  1963.  Be- 
tween 45°  and  40°  N,  the  flow  was  easterly,  shifting  to  southerly  south  of  40°  N. 

Flow  at  the  deep  levels  tended  to  conform  to  the  salient  features  of  the  bottom  topog- 
raphy. This  tendency  — more  obvious  at  5,000  meters  (fig.  47)  than  at  4,000  meters  (fig. 
46)  — was  exhibited  near  the  bathymetric  feature  at  30°N,  162°W,  near  the  Aleutian  Trench, 
and  in  the  vicinity  of  the  Hawaiian  Island  Rise.  Throughout  much  of  the  area,  circulation 
at  4,000  and  5,000  meters  was  opposite  to  that  above  1,000  meters. 

Figure  48  depicts  the  dynamic  topography  adjusted  to  the  May  1963  wind-driven 
geostrophic  transport  in  which  the  Ekman  divergence  is  neglected.  Differences  between 
the  flow  patterns  shown  in  figure  48,  which  neglects  Ekman  divergence,  and  figure  47, 
which  includes  consideration  of  Ekman  divergence,  were  not  significant. 

At  the  northern  limit  of  the  area,  near  the  Aleutian  Islands,  the  dynamic  topography 
suggests  a  boundary  current  in  a  direction  opposing  the  flow  at  lower  latitudes.  In  this 
region  of  high  lateral  friction,  details  of  current  patterns  are  open  to  some  question  as  the 
method  of  computing  wind-driven  transport  used  is  an  approximation  applicable  to  central 
ocean  areas. 

Figures  49  through  54  depict  the  dynamic  topography  adjusted  to  wind-driven  geo- 
strophic transport  which  was  determined  from  the  May  1963  mean  of  stresses  calculated 
from  twice-daily  reports  of  pressure,  using  a  drag  coefficient  of  0.0012.  Results  were 
similar  to  those  shown  in  figures  42  through  47  (based  on  the  higher  drag  coefficient  and 
an  alternative  method  of  estimating  mean  values  as  discussed  previously).  The  more 
accurate  determination  of  wind-driven  transport  suggests  a  sHghtly  weaker  flow  at  the 
1,000  meter  level  south  of  40°  N. 
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3.2.  Vertical  Velocity 

The  rate  of  change  of  vertical  velocity  with  depth,  - — ,  was  determined  from  the  ad- 

oz 

justed  values  of  meridional  velocity  for  May,  1963,  and  the  expression 

dw     )8 

dw 
With  w  assumed  to  be  zero  at  the  bottom,  —-  was  graphically  integrated  between  5,000  and 

oz 

250  meters.     The  distributions  of  vertical  velocity  with  depth  are  shown  in  figure  55.     The 

maximum  values  determined  at  the  four  latitudes  investigated  varied  from  3  •  10"^  cm/sec 

to  14-10""^  cm/sec.     Though  the  magnitudes  agree  with  those  inferred  by  Knauss  (1962), 

the  directions  do  not.     Knauss  inferred  upward  velocities  over  the  depth  interval  2,500 

meters  to  5,000  meters,  whereas  a  consistent  downward  direction  was  found  in  this  study 

at  all  levels  below  1,000  meters.     This  disagreement  may  arise  from  the  fact  that  Knauss's 

values  reflect  the  net  circulation,  while  values  from  the  present  determination  are  asso- 

dw 
ciated  with  a  specific  period.     It  should  also  be  noted  that  the  values  found  for  —  are  of  the 

same  magnitude  as  the  limit  of  sensitivity  accepted  for  the  determination.  Uncertainties 
in  the  present  determinations  of  vertical  velocities  and  in  the  relationship  of  these  veloci- 
ties to  net  vertical  circulation  notwithstanding,  it  is  noteworthy  that  the  upward  velocity 
found  near  50°N  above  1,000  meters  is  in  accordance  with  flow  inferred  from  oxygen 
profiles.  In  figures  5,  11,  14,  and  17,  the  local  thickening  of  the  low-oxygen  interval  and 
the  decrease  in  depth  of  oxygen  isopleths  toward  the  north  in  the  depth  interval  200  to 
1,000  meters  suggest  upward  flow  in  this  area. 

3.3  Depth  of  No  Horizontal  Motion 

In  the  present  formulation,  a  component  of  the  geostrophic  velocity  is  zero  at  a  depth 
where  the  barotropic  mode  is  equal  and  opposite  to  the  baroclinic  mode.  The  depths  of  no 
zonal  motion  or  of  no  meridional  motion  are  shown  as  functions  of  latitude  in  figures  56 
through  62. 

If,  near  the  depth  where  the  baroclinic  and  barotropic  velocities  add  up  to  zero,  the 
baroclinic  velocity  changes  slowly  with  depth,  the  determination  of  the  depth  of  no  motion 
will  be  sensitive  both  to  observational  errors  in  the  oceanographic  data  and  to  discrepancies 
in  the  values  for  wind-driven  transport.  The  sensitivity  in  the  determination  together  with 
the  paucity  of  data  leads  to  uncertainty  in  the  plots  of  the  surfaces  of  no  zonal  or  meridional 
motion.  However,  figures  56  through  62  do  indicate  that  the  depths  of  no  zonal  or  me- 
ridional motion  vary  widely  with  time  and  place,  and  that  flow  at  depth  is  frequently  op- 
posite to  that  near  the  surface. 

3.4  Annual  Cycle  of  Horizontal  Velocities 

Two  features  of  the  flow  at  4,000  and  5,000  meters  persisted  through  each  determina- 
tion: The  well-developed  westerly  flow  north  of  45°N,  and  the  southerly  flow  in  the  zone 
from  30°  to  35°N  (figs.  28,  29,  31 ,  32,  37,  38,  53,  and  54).  The  southerly  flow  is  in  agreement 
with  that  inferred  by  Wooster  and  Volkmann  (1960).  Their  data  are  not  definitive  north 
of  45°N.  However,  an  easterly  velocity  can  be  inferred  from  the  distributions  of  potential 
temperature  and  dissolved  oxygen  observed  in  the  present  study,  because  potential  tem- 
perature increases  and  dissolved  oxygen  decreases  from  west  to  east.  So  it  must  be  con- 
cluded that  the  velocities  determined  for  September  1961,  September  1962,  and  May  1963 
are  not  representative  of  the  net  circulation. 
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The  inferred  easterly  net  flow  below  4,000  meters  does  not  preclude  the  westerly 
flows  determined  for  specific  periods  in  this  depth  interval.  Each  of  the  determinations 
in  the  present  study  was  based  on  wind-driven  geostrophic  transports  associated  with 
the  weak  atmospheric  pressure  gradients  of  the  North  Pacific  summer  (that  is.  May 
or  September).  Thus,  total  geostrophic  transport  north  of  45°  N  as  found,  for  exam- 
ple, for  the  portion  of  Section  5  between  stations  120  and  123  and  125  was  small.  The 
mass  structure  in  this  horizontal  interval  is  such  that  a  large  easterly  barochnic  trans- 
port existed.  The  velocities  associated  with  this  easterly  barocfinic  transport  are 
strongest  above  2,000  meters,  decreasing  to  weak  easterly  values  below  4,000  meters. 
The  combination  of  a  small  geostrophic  transport  and  large  easterly  baroclinic  transport 
results  in  a  large  westerly  barotropic  transport.  Above  2,000  meters,  westerly  barotropic 
flow  is  masked  by  the  stronger  easterly  baroclinic  flow;  but  below  4,000  meters  barotropic 
flow  is  stronger  than  the  baroclinic  mode,  and  total  flow  is  westerly.  This  result  is  reason- 
able for  the  periods  associated  with  the  present  determinations. 

Because  the  mass  structure  and  the  associated  baroclinic  transport  can  be  expected 
to  be  relatively  constant,  the  annual  cycle  exhibited  by  the  total  wind-driven  transport 
must  be  reflected  in  the  barotropic  mode  (Fofonoff,  1961c).  The  baroclinic  velocity  has 
been  shown  to  make  but  a  small  contribution  to  the  flow  below  4,000  meters,  therefore 
a  description  of  the  annual  cycle  in  the  barotropic  flow  does  much  to  describe  the  net 
flow  below  4,000  meters.  To  gain  a  qualitative  estimate  of  the  annual  cycle  of  the  baro- 
tropic flow  the  transport  associated  with  the  dynamic  heights  through  stations  120-123 
and  stations  123-125  (1963)  was  successively  adjusted  to  monthly  values  of  the  wind- 
driven  geostrophic  transport.  As  this  facet  of  the  investigation  is  qualitative  at  best,  it 
seemed  justifiable  to  use  the  most  readily  available  tabulation  of  wind-driven  geostrophic 
transports  for  the  comparison.  The  1961  tabulations  based  on  a  drag  coefficient  of  0.0026 
and  monthly  means  of  the  atmospheric  pressure  distribution  were  used.  Figure  63 
is  a  plot  of  this  determination  of  the  annual  cycle  of  the  zonal  components  of  velocities 
at  4,000  meters.  Variations  of  about  1.5  cm/sec  in  the  zonal  velocities  are  indicated  but 
the  net  flow  is  not  easterly. 

The  approach  used  for  estimating  the  annual  cycle  of  flow  shown  in  figure  63  is  de- 
ficient in  the  following  respects: 

a.  The  monthly  values  used  for  wind-driven  geostrophic  transport  are  only  approxi- 
mations of  the  proper  values.  Transport  based  on  a  drag  coefficient  of  0.0012  and  mean 
stresses  computed  from  twice-daily  pressure  reports  might  be  significantly  greater  than 
those  used  in  constructing  figure  63,  due  to  the  large  variance  in  atmospheric  pressure 
which  accompanies  the  severe,  often  short-period  storms  of  the  North  Pacific  winter. 
These  larger  wind-driven  transports  should  be  easterly  and  larger  than  the  easterly  baro- 
clinic  transports,  thus  resulting  in  easterly  geostrophic   flow  at   the  4,000-meter  level. 

b.  The  present  formulation  is  based  on  the  geostrophic  approximation  that  a  balance 
exists  between  pressure  forces  and  Coriolis  forces.  It  must  be  recognized  that  this 
balance  is  not  perfectly  achieved.  Those  time-dependent  motions  not  satisfying  the 
geostrophic  approximation  are  not  considered  in  the  present  determinations.  These 
could  make  a  significant  contribution  to  the  net  flow  which  has  been  inferred  from  the 
distribution  of  potential  temperature  and  dissolved  oxygen. 

c.  The  present  investigation  is  based  on  the  assumption  that  the  total  wind-driven 
geostrophic  transport  and  the  barotropic  transport  respond  significantly  only  to  disturb- 
ances of  the  one-month  period  considered.  Veronis  and  Stommel  (1956)  indicated  that 
the  barotropic  response  might  be  significant  for  disturbances  with  periods  of  from  one 
week  to  two  months. 

d.  In  the  comparisons  supporting  figure  63,  it  is  assumed  that  baroclinic  transport  is 
constant  and  can  be  accurately  described  by  dynamic  height  computations  based  on 
oceanographic  data  from  May  1963.  Obviously,  there  may  be  a  significant  variation  in 
the  mass  structure  and  thus  in  the  baroclinic  transport  through  the  section. 
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e.  Although  the  baroclinic  mode  has  been  shown  to  be  small  in  comparison  to  the 
barotropic  mode  below  4,000  meters  during  three  specific  periods,  it  cannot  be  assumed 
that  the  annual  mean  baroclinic  flow  is  small  in  comparison  to  the  annual  mean  barotropic 
flow.  Veronis  and  Stommel  (1956)  indicated  that  net  circulation  is  associated  with  the 
baroclinic  mode.  It  can  be  anticipated  that  an  accurate  description  of  the  annual  mean 
baroclinic  transport  through  stations  120-123  and  123-125  might  indicate  a  net  easterly 
flow  at  the  4,000  meter  level. 
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4.   Summary  and  Conclusions 

A  method  has  been  derived  for  matching  the  geostrophic  transport,  calculated  from 
dynamic  heights,  with  wind-driven  transport  for  the  same  period.  Geostrophic  velocities 
at  5,000  meters  and  above  were  determined  covering  a  portion  of  the  north  central  Pacific 
Ocean  for  the  months  of  September  1961,  September  1962,  and  May  1963.  These  ve- 
locities are  reported  as  plan  views  of  dynamic  heights.  The  determined  velocities  were 
generally  zonal  for  the  periods  of  observation.  At  the  5,000-meter  level  values  on  the 
order  of  1  cm/sec  were  found.  Over  most  of  the  area  at  these  times,  the  sense  of  the 
velocity  changed  within  the  water  column,  so  that  the  current  direction  at  the  5,000-meter 
level  was  opposite  to  that  of  the  near-surface  levels. 

The  effects  of  varying  the  drag  coefficient  used  in  determining  wind  stress  and  of 
alternate  methods  of  determining  the  mean  stress  distribution  for  the  one-month  period 
of  consideration  was  investigated.  The  use  of  a  drag  coefficient  of  0.0012  and  values  for 
stresses  determined  as  the  mean  of  stresses  calculated  from  twice-daily  reports  of  pressure 
distribution  seem  to  give  more  realistic  transports  than  those  obtained  from  other  com- 
binations of  drag  coefficients  and  pressures. 

The  horizontal  distribution  of  potential  temperature  and  dissolved  oxygen  indicate 
that  the  net  flow  at  4,000  meters  at  about  48°N  must  be  easterly.  Such  a  flow  is  in  a  direc- 
tion contrary  to  the  flow  found  at  this  location  by  the  transport  method.  This  has  been 
accounted  for  by  examining  the  relative  importance  of  the  baroclinic  and  barotropic  modes 
at  this  level.  The  flow  at  4,000  meters  is  mainly  barotropic,  and  as  the  barotropic  flow 
must  be  periodic  (Veronis  and  Stommel,  1956)  it  is  concluded  that  the  calculated  deep 
flow  is  a  periodic  barotropic  flow.  The  calculated  magnitude  of  deep  velocities  (about 
1  cm/sec)  is  in  good  agreement  with  Veronis  and  Stommel's  theoretical  value. 

Vertical  velocities  are  determined  by  graphically  integrating  ~~  determined  as  a  func- 

oz 

tion  of  meridional  velocity.  Values  as  high  as  lO""*  cm/sec  were  calculated,  but  these 
are  at  the  level  of  significance  of  observational  errors.  Thus,  the  results  shown  may  re- 
flect the  range  of  variation  in  vertical  velocity,  but  details  of  the  variation  with  depth  cannot 
be  validated. 

For  each  period  for  which  horizontal  velocities  were  computed,  plots  were  made  of 
the  surfaces  of  no  zonal  or  meridional  motion.  The  determination  of  the  depth  of  no  mo- 
tion can  be  very  sensitive  to  observational  errors  and  inaccuracies  in  the  computed  wind- 
driven  transport;  consequently,  the  plots  are  subject  to  considerable  error  but  do  indicate 
that  the  depth  of  no  zonal  or  meridional  motion  varies  widely  with  place  and  time. 

The  assumption  that  terms  due  to  the  interaction  of  flow  with  the  bottom  can  be  ig- 
nored was  examined.  The  data  suggest  that  bottom  flow  parallels  isobaths  and  therefore, 
the  bottom  and  slope  terms  in  the  integrated  momentum  equations  become  very  small. 
However,  determinations  in  greater  detail  over  an  area  in  which  the  bathymetry  is  well 
defined  would  be  needed  to  show  conclusively  that  these  terms  are  neghgible. 

Because  the  velocities  determined  near  the  bottom  appear  to  be  periodic,  comparison 
with  net  velocities  as  inferred  from  the  horizontal  distribution  of  variables  (Wooster  and 
Volkmann,  1960)  or  by  carbon-14  dating  or  heat  flow  considerations  (Knauss,  1962)  is  in- 
appropriate. Perhaps  the  best  corroboration  of  the  deep  flow  determined  in  the  present 
study  is  in  the  tendency  of  the  water  to  flow  parallel  to  isobaths. 

It  is  concluded  that  the  method  employed  here  is  a  useful  tool  for  the  study  of  circula- 
tion in  central  ocean  areas.  To  best  reahze  the  possibihties  of  the  method,  oceanographic 
data  should  be  collected  so  that  no  additional  Hmitations  are  placed  on  the  results.     A 
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grid  of  stations  forming  sections  along  meridians  and  parallels  approximately  300  kilo- 
meters in  length  would  allow  full  realization  of  the  capabilities  of  the  method.  In  addition 
to  a  more  detailed  determination  of  the  flow  patterns,  such  a  grid  would  provide  means 
better  to  determine  the  validity  of  deep  observations  and  to  assess  the  importance  of  in- 
ternal structure  to  the  deep  flow.  Observations  in  the  grid  should  extend  to  within  a 
few  hundred  meters  of  the  bottom. 
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Appendix  I. 


Physical  Expressions  for  the  Problem 

Sverdrup  (1947),  Munk  (1950),  and  Fofonoff  (1962)  have  developed  expressions  relat- 
ing total  transport  to  the  curl  of  the  wind  stress.  All  three  formulations  were  predicated 
on  a  velocity  structure  such  that  velocity  vanished  well  above  the  bottom.  Thus,  it  was 
not  necessary  to  consider  the  effects  of  bottom  topography  on  the  flow.  In  the  present 
problem,  portions  of  these  existing  solutions  applicable  to  central  regions  are  employed. 
Approximations  and  assumptions  are  made  pertaining  to  the  effects  of  bottom  topography 
on  the  solution  for  transport. 

The  development  is  based  on  FofonofTs  (1962)  treatment  of  Munk's  (1950)  wind- 
driven  flow  formulation  which  is  in  turn,  developed  from  the  momentum  equations  for 
steady  motion.  In  a  coordinate  system  where  x  is  positive  eastward,  y  is  positive  north- 
ward, and  z  is  positive  upward  and  assuming  incompressibility  and  negligible  molecular 
stress  terms,  the  following  equations  are  obtained: 

dpu^  ,  dpuv   ,   dpuw         ^  dP  ,        v-,-,      .         f*^« 

dpuv     dpv^     dpvw  _     dP  d'v 

dP 

—  =  -pg  (la,  b,  c) 


and  continuity  is  expressed  by 


d(pu)  ^  dipv)  ^  djpw)^^ 
dx  dy  dz 


Assuming  terms  with  vertical  velocities  are  negligible,  the  vertically  integrated  equa- 
tions of  motion  can  be  written  as 

Jb      dx  Jb    dy  Jh  Jb   dx  Jo       \dx^     dy^J  Jb         dz^ 

-^  dz+  \     -^dz+f\     pudz  =  -\     --dz  +  AHl     p  i—^  +  -^)  dz  +  \  pAy-^  dz, 
Jb      dx  Jb      dy  Jb  Jb    dy  Jb        \dx^      dy" J  J b"^      dz^ 

where/  is  the  Coriolis  parameter,  p  is  mean  density,  and  Ah  and  Ay  are  the  horizontal  and 
vertical  kinematic  eddy  viscosities,  respectively. 

Convenient  terms  for  the  integrals  are  derived  by  the  following  definitions  and  argu- 
ments.    First,  define  the  components  of  horizontal  momentum  transport 

uv=  \     puvdz,         u^=  I     pu^dz;  (3a,  b) 

and  the  components  of  mass  transport,  U  and  V, 

f/=  I     pudz,         V=  I     pvdz, 

Jzf,  Jz^ 

J^J  dx  dx  jz^  dx  dx 
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and,  since  Ptj  and  drj/dx  are  both  very  small, 

f"  aP    ,         ^     f"  DJ     .   D  (^^b  f"  dP    ,         d     f"  „  ,     ,    „    dZb 


Next,  define  the  potential  energy  of  a  column 


E„  =  I     Pdz 

Izh 


(6) 


so  that  when  equation  (6)  is  substituted  in  (5a,  b) 

Jz^  dx  dx  dx         J^^  dy  dy  dy 


(7a,  b) 


From  equation  (Ic) 


dz  = dP 

g 


and  on  substitution  into  (6) 


Pdp. 


(8) 


Letting  the  specific  volume,  a  =  ao+8  wherein  ao  is  the  specific  volume  of  water  of  sa- 
linity SS^/oo,  temperature  0°  C,  and  pressure  P, 


Ep  =  -      '  Pa^P  +  -      "  PbdP 
gJo  gJo 


(9) 


Fofonoff  (1962)  defines  the  last  term  in  (9)  as  the  anomaly  of  potential  energy. 


gJo 


X  =  -  I      P8dP. 

g- 


Using  the  definition  in  the  first  term  on  the  left  of  equation  (7a), 


(10) 


dEp^dx  ^    d 
dx       dx      dx 


rif' 


PaodP 


and  by  application  of  the  chain  rule 


dEp^dx  ^  dP„    d 
dx       dx       dx  dPh 


'-T^Pa^dP 
gJo 


Since  the  bracketed  portion  of  the  last  term  is  a  function  of  the  bottom  pressure  only, 


dEp^dx  ^  dPhPhOCoiPh) 
dx       dx       dx         g 

20 


-J  r 

This,  and  the  similar  expression  for  — — ,  substituted  in  equations  (7a,  b)  give 

ay 


I 


"T"  "Z  —  T r  — ■ \-  rf,  — — 

2jj  dx  dx       ox         g  dx 


I 


—  rf2-  — +  ^ 'rPb~-  11a,  b 

^  dy  dy      dy        g  dy 


Finally,  it  can  be  shown  that  the  final  terms 


dz 


Av  ^r^  dz  =  Tsjc  —  Tbj 


dz 


4v  -^dz  =  Tsy  —  Tby,  (12a,  b) 


where  Tsx  represents  the  stress  per  unit  surface  area  in  the  x  direction  and  r&j  is  a  similar 
term  for  stress  at  the  bottom.  By  substituting  equations  (3a,  b),  (4a,  b),  (11a,  b),  and 
(12a,  b)  into  (la,  b), 

dip  ,  duv       „,         dx      dPhPbOoiPb)      „  ^Zfi  ,     .   r^,r,  , 

-:—  +  -;; jy^  —  -^ z ^^i>^—  +  AhV^U  +  Tsjc  —  nx 

dx        dy  dx       dx         g  dx 

'i^AfU  =  -'^-'-p^^^^^-n'^  +  A,VW+rsy-ny.  (13a,  b) 

dx      dy  dy      dy        g  dy 

The  bottom  pressure  and  bottom  slope  terms  in  (13a,  b)  can  be  further  simplified  as  follows: 
P,  =  P.  +  gj^^pdz,         -^-^  +  ^l^Y,dz-gpb~ 

When  z  =  Zb  the  second  term  on  the  right  is  eliminated  so  that 

dPb      (dPA  dzb 

'b 


dx       \  dx  /^=^.  dx 


With  this  substitution  the  terms  from  (13a)  become 

PbOU>(Ph)    (dPz\  ,     „         ,n  ^        dZb        n    dZb 


CP)        +Pba.iPb)pb^-^-Pb 
\dx/2=z^  dx 


It  is  assumed  that  ao{Pb)  =  ab  and  the  bottom  pressure  and  slope  terms  of  (13)  may  be 

represented  by  the  smgle  term 

g     \dxl,=,^ 

To  be  useful  for  the  present  purposes  it  is  necessary  to  neglect  additional  terms  in 
(13a,  b).  Assume  (a)  that  field  acceleration  terms  are  negligible;  (b)  that  the  velocities 
near  the  bottom  are  very  small  so  that  Tb  is  much  smaller  than  Ts,  so  the  vertical  eddy  vis- 
cosity terms  when  integrated  over  the  column  are  closely  approximated  by  Ts'.  and  (c)  that 
in  a  central  region  of  the  ocean  horizontal  friction  terms  are  negligible  (Munk,  1950).     With 
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these  assumptions,  the  transport  equations  may  be  written: 

dx         g     \dx)z=z^ 

/U=-'/-^m       +r...  (14a,  b) 

dy       g     \dy/z=z^ 

There  are  no  existing  methods  of  determining  open  ocean  transports  with  sufficient  pre- 
cision to  account  for  mass  exchange  at  the  sea  surface  by  continuity  methods.  To  a 
sufficient  degree  of  accuracy  the  divergence  of  the  transport  is  expressed  by 

f  +  f=0.  05. 

dx      dy 

Equations  (14a,  b)  and  (15)  are  the  basic  ones  for  this  problem. 

After  Fofonoff  (1962),  the  components  U  and  V  of  the  transport  can  be  separated  into 
barotropic,  baroclinic,  and  Ekman  modes: 

U^Ub  +  Ug  +  UE 

(16a,  b) 

V=V,+   Vg+VE 

The  barotropic  mode  is  interpreted  as  a  velocity,  Vb,  constant  throughout  the  water  column, 
so  that 


■SPA  ,  dPA 

\dy/z=Zf,  \dx    /z=zi,, 

,=  I     pubdz,         Vb=  \     pvbdz.  tl7a,  b) 

Jz(,  Jz„ 


=^6 

Ub 


since  Ub  and  Vb  are  not  functions  of  z 

t/ft^Ufe  I     pdz,         Vb  —  Vb  I     pdz. 

By  the  hydrostatic  equation 

Ub-'^T'dP,         Vb  =  ^  f"' dP; 
g  ho  g  JPo 

UbPb  rr     _VbPb 

Ub  — ,         rb  —  — 

s  s 

By  substituting  for  Ub  and  Vb  in  equations  (17a,  b) 

o^/^A       ^        fy^^o^(p\  (18a,  b) 

g     \dy)z=zf,  g     \dx  Jz^zf, 

The  baroclinic  mode  is  interpreted  as  that  part  of  the  transport  that  is  a  consequence  of 
pressure  gradients  arising  from  field  variations  in  the  density  structure  of  the  water.  The 
velocities  associated  with  this  mode  of  transport  are  the  relative  velocities  resulting  from 
dynamic  height  computations.     This  mode  of  transport  can  be  related  to  the  pressure 
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terms  on  the  right  side  of  equations  (14a,  b)  as  follows: 

pf{Vb  +  Vg)  =  — , 

ax 


and  integrating 

Substituting  for  Vb  from  (18b), 


V  dx  ),=,.    ■'    '     },.  dx 


g  \dX   /j  =  2j  Jz^ 


Then  using  (11a)  and  the  arguments  following  (13a,  b)  regarding  bottom  pressure  terms, 

OCbPb  (^Pz 

S       \  ox  /  z=z^  <J^  g         \  u^  ^■=■=■^6 


\  bx  /^=j  "     bx         g     \dx  h=zh 


Identical  pressure  terms  can  be  eliminated  from  the  two  sides  of  this  expression.     This, 
together  with  a  similar  development  for  Ug  yields 


df        ^    ^     dx  (20a,  b) 


The  components  of  the  Ekman  transport  are  defined  by  the  equations 

fUE  =  Tsy,  fVE  =  -Tsx.  (21a,  b) 

Although  the  sum  of  the  divergences  of  the  three  modes  must  be  zero  (15),  the  divergences 
of  each  mode  taken  separately  need  not  be  zero.  Expressions  for  the  individual  diver- 
gences can  be  derived  by  cross  differentiating  the  equations  that  define  the  barotropic, 
barocHnic,  and  Ekman  transports  — (18a,  b),  (20a,  b),  and  (21a,  b).  Cross  differentiating 
leads  to 

/(t^  +  T^)+'3F.  =  ^-^-  (24) 

\dx        dy  /  dx       dy 

In  equation  (22)  p'  is  closely  approximated  by  the  mean  density  of  the  column. 

The  right  side  of  equation  (22)  can  be  neglected  when  the  gradient  of  the  bottom  is 
sufficiently  small  or  when  flow  along  the  bottom  is  nearly  normal  to  the  slope  of  the  bottom. 
(Applicability  of  this  approximation  is  examined  in  section  2.2.)  With  this  approximation, 
on  adding  equations  (22),  (23),  and  (24) 


/ 


d(Ub  +  Ug  +  UE)  _^  d{Vb  +  Vg+VE)' 


dx  dy 
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+Mn  +  K,+  F.]=-^^     ay' 


and  on  substituting  for  transports  from  equation  (16a,  b),  and  noting  the  continuity  condi- 
tions expressed  by  (15) 

dx        dy 

This  is  the  expression  derived  by  Sverdrup  (1947). 

Equation  (15)  allows  the  introduction  of  a  transport  function,  t//,  such  that 

f/  =  T^;         ^  =  -f^-  (26a,  b) 

dy  dx  V       »    / 

Substituting  from  (26b)  into  (25)  and  integrating  yields 
Using  conditions  at  the  eastern  boundary,  the  constant 


/3J0    \d: 


C^^l     (^_^b;t; 


dx        dy 


on  combining  with  (27) 


PJx    \dX 


'  dy 


dx.  (28) 


This  solution  (Fofonofif,  1962)  does  not  provide  for  an  eastern  boundary  layer.  Fofonoff 
has  justified  the  elimination  of  an  eastern  boundary  layer  by  writing  Munk's  (1950)  general 
solution  for  mass  transport  in  a  nondimensional  form  and  simplifying  the  equation  on  the 
basis  of  relative  orders  of  magnitude.  For  the  area  under  consideration  (the  central 
North  Pacific  Ocean)  provision  for  an  eastern  boundary  layer  is  not  necessary. 

As  mentioned  above  Sverdrup  (1947),  Munk  (1950),  and  Fofonoff  (1962)  all  specified 
that  the  transport  was  made  up  of  baroclinic  and  Ekman  modes  only;  the  problem  of 
treating  convergence  due  to  bathymetric  effects  on  the  barotropic  flow  thus  was  not 
pertinent. 

Fofonoff  (1960)  used  equation  (28)  (in  geographic  coordinates)  as  the  basis  for  his 
mass  transport  computations  in  the  Pacific.  Using  monthly  means  of  sea-level  atmos- 
pheric pressure  (from  the  records  of  the  U.S.  Weather  Bureau)  he  successively  computed: 

geostrophic  wind  velocities, 

surface  wind  velocities, 

wind  stress  on  the  surface, 

meridional  and  zonal  Ekman  transport,  Ve  and  Ue, 

meridional  total  transport,  V, 

integrated  total  transport,  rp,  and 

integrated  geostrophic  transport,  ipg. 

The  pressure  distribution  and  each  of  the  components  or  modes  of  transport  are  tabulated 
on  alternate  five-degree  grid  points  for  the  Pacific  Ocean  north  of  latitude  20°N.  Tabu- 
lations have  been  pubhshed  for  each  month  during  the  period  January  1950  through  May 
1962  (Fofonoff  1960,  1961;  Fofonoff  and  Ross,  1962;  Fofonoff  and  Dobson,  1963).  Similar 
tabulations  have  been  made  for  months  of  interest  during  the  period  June  1962  through 
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June  1963  by  the  Applied  Mathematics  staff  of  the  Department  of  Oceanography,  Univer- 
sity of  Washington. 

Transformed  into  geographic  coordinates  the  quantities  of  interest  are: 

f  f  (29a,  b) 

/^T^      a(Tx  cos  (/))\  1 

\dk  del)        )  (3Rcos    '^  ^'^^' 

The  transport  function,  i/;,  is  defined  by 

^     Rdcl>'         ^         R  cos  ct^dk  (31^'^) 

Equation  (31b)  is  integrated  from  the  eastern  shoreline, 

Fofonoflf  (1960)  tabulates  the  geostrophic  transport  as  a  transport  function,  i/zg.  He  notes 
this  this  procedure  is  not  entirely  correct,  since  the  geostrophic  transport  is  not  divergence- 
less.     He  obtains  his  values  for  i//g  from  the  expression 


,        [^  [      1  (dr^     ^(tx  cos  (f))\  ,  Tx  p  . 


d\,  (33) 


that  is,  the  difference  V—Ve  integrated  over  longitude.  Following  this  procedure  the 
meridional  geostrophic  transport  is  accurately  represented  by  \\tg\  hovs^ever,  the  zonal 
geostrophic  transport  is  incorrectly  represented  since  it  reflects  the  effects  of  neglecting 
divergence  of  the  Ekman  transport. 

Both  the  transport  function  for  total  transport  and  that  for  geostrophic  transport  can 
depict  zonal  transport  in  error  as  a  consequence  of  using  the  grid  point  nearest  the  eastern 
boundary  as  the  origin  for  integration.  However,  in  the  present  use  of  FofonofiTs  tabu- 
lated transports  as  reference  values,  results  are  insensitive  to  the  wind-driven  transport 
to  such  a  degree  that  errors  caused  by  unaccounted-for  zonal  transport  near  the  eastern 
boundary  will  not  greatly  influence  the  final  values. 

With  the  values  tabulated  by  Fofonofif  (1960),  baroclinic  transport  computed  from 
oceanographic  station  data,  and  equation  (16a,  b),  it  is  possible  to  obtain  barotropic  trans- 
port through  a  given  section: 

Uu=U-UE-Ug. 

(16a,  b) 

Vt,=   V-VE-Vg. 

In  the  present  problem  the  intervals  of  interest  are  determined  by  the  locations  of  the 
oceanographic  stations.  The  deep  stations  used  are  located  so  as  to  form  either  zonal 
or  meridional  sections.  In  equations  (16a,  b)  the  first  terms  on  the  right  can  be  extracted 
from  FofonofiTs  (1960)  tabulated  transport  functions  for  total  transport  by  finite  differ- 
ences; the  second  terms,  Ekman  transports,  can  be  integrated  over  the  interval  from  the 
tabulated  values:  and  the  third  term  can  be  taken  from  the  oceanographic  data.  Equations 
(17a,  b)  can  be  closely  approximated  by 

Ub  —  pmUbh, 

(34) 

Vb  —  pmVbh. 
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And  so  it  is  possible  to  solve  for  the  barotropic  velocities  Ub,  Vb 


i^K.  -  '/'x.)  -  i  VeR  cos  <^A\  -  (^^^iZ2^) 
^"^ ^^~>:^ ir^ ^ (35a,  b) 

PrnflK  COS  (|)A\ 

These  barotropic  velocities,  constant  throughout  the  column,  can  be  combined  with  baro- 
chnic  velocities  based  on  observations  over  the  entire  depth  of  the  column  to  obtain 
absolute  geostrophic  velocities. 
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Appendix  II. 

A  Numerical  Example 

Based  on  equations  (35a,  b),  velocity  profiles  are  determined  for  the  meridional  and 
zonal  sections  defined  by  oceanographic  stations  29,  32,  59,  and  63,  September  1961. 

The  first  step  in  the  determination  is  to  extract  the  geostrophic  mode  of  transport 
for  the  section  of  interest.  This  transport  is  included  in  equations  (35a,  b)  as  the  first 
and  last  terms  in  the  numerator  on  the  right  side.  Values  of  the  total  transport  function 
along  the  meridians  of  interest  were  plotted  against  latitude  (fig.  64).  The  stations  are 
indicated  on  the  plots  of  <//,  and  the  total  transport  through  the  sections  between  the  indi- 
cated stations  is  taken  by  difference: 


Section 

63-59 

29-32 

63-29 

59-32 


(K-'/'*a)  =  [-^37-(-112)]  •  10^  =  -250 
(K-'/'<*a)  =  [-192-(-113)]  •  10^  =  -790 
(K-'/'0  =  [-113-(-112)]  ■  10^  =  -  10 
(K-K)  =  [-192-(-137)]  •  10'^  =  -550 


10"*  metric  tons/sec 
10^  metric  tons/sec 
10^  metric  tons/sec 
10^  metric  tons/sec 


It  can  be  seen  that  continuity  requirements  for  the  total  flow  are  satisfied  by  the  results 
of  this  procedure.  Plots  of  zonal  and  meridional  Ekman  transport  along  meridians  and 
parallels  are  shown  as  figures  65,  66,  and  67.  Again  the  stations  are  indicated  on  the  plots; 
summations  to  obtain  Ekman  transport  through  the  sections  are  performed  using  Simpson's 
rule,  or  the  trapezoid  rule: 


Section 
63-59 

29-32 


lUERd4> 


WERd4> 


98(2 


12  +  4)     142(4  +  36+15)' 


10 


3.2  •  W  metric  tons/sec 


190(8.5  +  44  +  9.5)  ^52(9.5  +  34  +  8) 


10 


=  4.8  •  lO"*  metric  tons/sec 


63-29     IVeRco^HK 
59-32     XVeR  cos  <^dk  ■■ 


344(18  +  94  +  36.5)   463(36.5  +  210  +  58.5): 


10 


64.1  •  lO"*  metric  tons/sec 


1520(2 +  (-2.2)) 


10 


=  —  0.2  ■  10*  metric  tons/sec 

The  wind-driven  geostrophic  transport  for  a  given  section  is  the  difference  between  the 
total  and  Ekman  transports: 

Section 

63-59     =        (-250-3.2)  .  10-'=-253  •  10*  metric  tons/sec 
29-32     =        ( -  790  -  4.8)  •  10"  =-  -  795  •  10^  metric  tons/sec 
63-29     =        (-10-64.1)  •  10"  -=-    74  •  10*  metric  tons/sec 
59-32     =(-550-(-0.2))-  10"-- 550  •  10*  metric  tons/sec 

Because  the  distribution  of  horizontal  velocities  is  not  highly  sensitive  to  this  geostropnic 
transport,  values  for  it  can  be  extracted  directly  from  tabulations  of  the  geostrophic 
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transport  stream  function,  »//g.  (As  noted  in  appendix  I,  this  procedure  eliminates  from 
consideration  the  Ekman  divergence.)  Plots  of  the  geostrophic  transport  function  similar 
to  those  for  the  total  transport  function  are  made  (fig.  68)  and  the  geostrophic  transport  is 
extracted  by  difference.  A  comparison  of  alternate  values  of  geostrophic  transport  for 
the  four  sections  considered  is  given  below. 

Section                 Transport  considering  Transport  from  geostrophic 

Ekman  divergence  transport  function 

63-59                —  253  •  10^  metric  tons/sec  —20- 10*  metric  tons/sec 

29-32                -  795  •  W  metric  tons/sec  -  310  •  10*  metric  tons/sec 

63-29                  —74-10^  metric  tons/sec  —  250  •  W  metric  tons/sec 

59-32                —550- 10*  metric  tons/sec  —540- 10*  metric  tons/sec 

The  dynamic  topographies  arising  from  a  comparison  of  transport  from  dynamic  heights 
adjusted  to  each  of  these  sets  of  wind-driven  transport  are  shown  on  figures  23  through  29. 
For  the  balance  of  the  numerical  example  the  transport  including  the  effects  of  diver- 
gence is  used. 

The  final  terms  in  equations  (35a,  b)  express  mass  transport  through  the  sections  due 
to  internal  density  structure.  To  obtain  this  baroclinic  transport,  data  from  each  station 
is  submitted  to  a  machine  interpolation  program  which  provides  the  following  values  at 
standard  depths: 

temperature, 

salinity, 

sigma-t, 

specific  volume  anomaly,  8, 

geopotential  anomaly,  AZ),  referred  to  the  surface, 

anomaly  of  potential  energy,  x, 

and  values  for  other  variables  represented  in  the  field  data. 
For  convenience  in  the  computations  advantage  is  taken  of  the  near  numerical  equality 
between  mass  transport  and  volume  transports,  T  and  Te.  The  mass  transports  deter- 
mined from  the  curl  of  the  wind  stress  are  entered  in  subsequent  comparisons  as  though 
they  were  volume  transports.  The  final  terms  in  (35a,  b)  are  determined  from  differences 
in  geopotential  anomalies.     Equations  (35a,  b),  reflecting  these  near-equalities,  become: 


T- 

-n- 

/ADb-M) 

\        f 

') 

lib 

T- 

-T^: 

hR^cl) 

(M)b-^D 

\        f 

/ 

Vb- 

hR 

cos  </)AA. 

(36a,  b) 

Next,  values  are  determined  for  the  length-of-section  terms,  R  cos  (/>A\  and  R^4>, 
and  for  -z.,,  the  reciprocal  of  the  Coriolis  parameter: 


Section 

Mid-latitude 

Length  (km) 

jilO^sec) 

63-59 

34°50' 

480 

0.1201 

29-32 

34°33' 

485 

0.1209 

63-29 

32°31' 

1613 

0.1276 

59-32 

36°52' 

1520 

0.1141 

28 


The  depth  of  the  column,  h,  was  approximated  as  5,000  meters,  and  geopotential 
anomahes  from  the  station  data  were  referred  to  the  same  depth.  Observations  ex- 
tended to  at  least  5,000  meters  at  most  of  the  stations  used  in  the  program;  at  stations  where 
they  did  not,  values  of  temperature  and  salinity  were  selected  to  extend  the  profiles  to 
5,000  meters.  These  values  were  selected  by  extrapolating  profiles  at  the  station  con- 
sidered and  by  interpolating  between  appropriate  values  at  adjacent  stations.  In  the 
selection  care  was  taken  to  avoid  creating  artificial  structure  in  the  water  mass. 

Values  of  the  wind-driven  transport,  geopotential  anomalies  referred  to  5,000  meters, 
the  distance  between  stations,  and  the  reciprocal  of  the  Coriolis  parameter  are  submitted 
to  a  second  program.  This  program  calculates  velocities  and  geopotential  anomalies 
at  each  standard  depth.  These  velocities  and  anomalies  reflect  the  variation  with  depth 
associated  with  the  structure  of  the  water  column  and  are  adjusted  to  describe  a  trans- 
port through  the  section  equal  to  the  geostrophic  mode  of  transport  from  the  curl  of  wind 
stress  — that  is,  equations  (36a,  b)  are  satisfied.  Tables  2  through  5  show  the  data  printouts 
from  this  program  for  the  four  sections  considered.  An  explanation  of  the  quantities 
shown  in  the  headings  and  columns  of  each  table  follows. 

Quantities  in  the  headings  are: 

STATIONS,  identifying  numbers  of  oceanographic  stations 

L,  length  of  section  in  kilometers 

COR,  reciprocal  of  the  CorioUs  parameter,  multipHed  by  10"^ 

TRANSPORT,  the  wind-driven  geostrophic  transport  in  lO*  m^/second 

N,  the  number  of  standard  depths  considered 

SUMVZ,  transport  in  10'  m^/second  as  obtained  from  differences  of  dynamic  heights, 

referred  to  5,000  meters;  the  sum  of  the  values  in  column  VVZ  below 
CORR,  a  correction  factor  in  volume  transport  per  meter  of  depth  in  10^  m^/second, 

obtained  by: 

^^oD     TRANSPORT -SUMVZ    ^     . 

CORR  = -, ,  that  IS 

h 

^    ^     ^D,-^Da 

1  —  1  E  7 

CORR  = ; ^ 


SUMVZ*,  a  check  of  computations.    The  value  is  identical  with  that  for  TRANSPORT. 
Quantities  in  the  columns  are: 
DEPTH,  standard  depths 

A,  geopotential  anomalies  in  dynamic  meters  for  station  A,  referred  to  5,000  meters; 
station  A  is  the  southern  station  of  meridional  sections  and  the  eastern  station  of 
the  pairs  along  parallels  of  latitude. 

B,  geopotential  anomalies  for  station  B 

C,  the  difference,  column  A  minus  column  B  at  each  standard  depth 

VZ,  volume  transport  per  meter  of  depth  in  10^  m^/second  applicable  to  each  depth. 
This  function  of  volume  transport  is  obtained  by  multiplying  the  difference  in  geo- 
potential anomahes  (column  C)  by  the  reciprocal  of  the  Coriohs  parameter  (COR  in 
heading). 

VVZ,  baroclinic  transport  in  10*  m^second  for  each  depth  interval,  obtained  by 
numerical  integration  of  VZ  with  respect  to  depth 

VCZ,  an  adjusted  volume  per  second  per  meter  of  depth  apphcable  to  each  depth. 
VCZ  is  obtained  by  adding  VZ  at  each  depth  to  the  correction,  CORR,  as  given  in 
the  heading  of  the  table. 

V*,  the  velocity  at  each  standard  depth  corresponding  to  the  adjusted  transport  values, 
VCZ.     These    velocities,    obtained    in    cm/second,   are   the   absolute   geostrophic 
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velocities.     The  value  of  V*  at  the  5,000-meter  level  corresponds  to  Ub  or  Vb  in 
equations  (36a,  b). 
C*,  adjusted  differences  in  geopotential  anomaly  for  the  section.     These  adjusted 
differences    are    accepted    as    reflections    of   the    absolute    geopotential 
topography. 


30 


U 


o  o  o  •— 

<0    "^    <N  O 

o  o  o  o 

o  o  o  o 

di  di  <5  (5 


OO^O^OOOO^OOOOO^' —  ■— oo 


CNOI^OOOKCOOOOO^ 

<— oi  —  aoo  —  ■— C4-—  — 
oooooooopoq 
ddodddoodod 


OLOCNCN   —   CslOlOO 

^oooooooo 
ooooooooo 

dic5cDC>(D(DC>ci(5 


U 

LU 
CO 

CN 


CNCNCNCN0OCO00CNCNIVt~vrvCNCMCNCNI^CNCN 

*    hsCNtvooocNOcso'^ocNivtxrv^rvrv 
<DdciGdGC><d<o<Dd>cDc5<DC>didicDci 


n  00  r^ 

rv  CN  CM 

•<?  U-)  o 

o  o  o 

d  d  d 


l\    CN 

d  d 


OS 
C 

a 

en 

"5 

e 
o 


U 

LU 
CO 

CO 


CN 


C> 

o 

CN 
00 


1 —  1 —  o^c>op^c>ooc>oooO' —  ■ —  oo 

lOCNCN^CNOLOO 


O  O  O  I —  I — 
f^O'^CNOCNOrxOOOKOOOOOO^O 

Urvr^ivco^io-^coKi^ooooooooooo 

>CNOO'^>—  IT)— ;iorv.o^<)oc)OOoqo 

ocJiocod-^-^do— ^o-ocowScsKco 


r—    CN    CN 


■—    CN   CN    CN 


hvKKrvcoroi\i\ 

O    ^    ^    CN    IT)    ^    CD   CN 
KcOCOCNCNdKoO 


o 

c 

o 
c 

■MS, 

c 
o 


3 


a. 


C5 


u 

.-) 
n 
< 


CO 

in 

CN 


o 

u 


o 
o 
o 
o 


>o  <  i2  CN 

C/5   •-    S      , 


O 

CN 


CO  — 


00 

O   00 

II    00 

O  o 
u  - 


M 

si 

^  IT) 

d 

00 


M 
> 

CO 


CO 

I 


OOLOOOOOOOiOOOOO 
CNOCOCOOOCOLOCNCN^OOIO 

-^CDCNOOCNOO^ 
CONOKr—    ■O^CNCN<>lOCNKcO>d'^ 


^,    —   COOOOO-^OOCNCN 

1^  ooocNiooom^ 

>     NOOCNOIOOOO 
>r-cOO'—  OOl^COiO 

CD  d  d> 


CN    CO    -^    "^    O 

o  o  o  o  o 


tX   CN  00  00  o 

CN  -^  -rr  --t 


oooooooooooo 
.,       cN-rrr^OK-^ioo-—  Kco-^ 

L?  OOO   —   (NCN.—   OOO-—   — 

>  ■^OO-^CJDtJOOOCNCN'^OOO 

dcN-^o6cNc\io6o6K^'o6uo<) 

CN    CO   CN    .—  I        I     .—    .— 


ooooooooo 
CNOO-^-—  -<^-<^ir)Ol\ 
—  oooooooo 

"^OOOCNOOOOOOO-'^ 

^'  o  ^'  — '  ^  ^  nO  d  00 


OOOOOOOOOOOOOOOOOOOOOO 

cN^Kotx-^LONO'—  Kco^cNoo^  —  '^^unor^'— 
(J   ooo  —  ojcN^ooO'— ■—■— ooooooooo 

^    OOOOOOOOOOOOOOOOOOOOOO 


en 


OOOOOOOOOOOOO 
O  —  I^CNCNOOCNOO-^-—  ^i— 
■OCNtVCOlOrvCN    —    CNCNCOLOO 


i^hsOOiO'^'^cocN'— oooom-^coi—  o 

COCOCOCOCOCOCOCOOOCOCOCNCNCNCNCNCNr-' 


oooooooooo 
lOLooLO'— oomcNTj- 
'^^oO'^rcNcorv'^oo 


tv  -^  .—  o 
n-'  r-'  ^  d 


d  d 


'^         OOOOOOOOOOOOO 

CN  ocoi— o-—  ino^'t'Oco-^'— K 

II  ^OCNOOCOKO^COCNCNCN-^K 


o  o  o  o  o  o  o 

CO  tx   O  -O  lO  CO  LO 
COOOO^COCOOO'^ 


h«.rv'0<>ioiO'>^cocN  —  poqoio-^cN.—  OK 

COCOCOCOCOCOCOCOCOCOCOCNCNCNCNCNCN    .—'.—' 


O   O   O 

^  O  lO 

00 

d 


—  o 
— '  d 


p  o  o  o  o  o 

Q.  i—    CN    00    U-) 


mooooooooooooo 
i^oioomooooooooo 

-—    .—    CNCNCO-^lOOhxCOOCNlO 


o  o  o  o  o 

o  o  o  o  o 

o  uo  o  o  o 

CN  CN    oo  ^    LO 


31 


CNCNOJCMCNCNCNCNCNCNCNCNCNODOOOOOOOOCOOOOOCOOOOO 
.  .—  COIOIXCNO'—  LOOO'^'OCOnOOKCX)'—  OOOCNOO 
r,COCN    —    OOOOK-O-^OO    —    OO"—    CMCO-^-^CO   —    — 

vJ  —  —  '-'-.—  ooooooooooooooooo 


oooooooooooooooooooooo 


o  o 
d  d 


CM 

c 

a 

On 
to 

e 


U 

LU 

CO 

Ol 

* 

§ 

> 

Ol 

LLI 

u 

LU 

CO 

00 

CO 

-"^ 

5 

O 
O 

N 

^ 

CO 

U 

^OlO^lOI^CO^lOm^tVOI^O'—   C0>—   CMOKCNTT'^ 
0<—    —    CNtXCNCO-^O    —    CSCOOOOOCOr^CNKKCOOOO 

Kt\i\N.-<^hxi\rvoioLnoi^>0'— oo"^  —  oo  —  -o-o 
cNOoq>oiOTtcNoqio.—  oo'^O'—  ^<)(>oorv^cocNcs 

cococNicNCNcsifNi.-'^.— 'ddddddd— ^--^ddddd 


CO    —    OI^CMU^COO 

(jNqocNiOLn<>cso 
>o6odc>o'co(>dd 

lO^COCNCN   —   •— o 


txKtxt^txcocococococococooococo 

^OOOOO   —   C3000K-OCO'<5--^iO(M^'^ 

tv^^rxvocNi—  —  —  ^co^^co>oo 

t^ODCOlOOOCMCOOOlOCOCNO-^OO 

CNirj  —  o'cooc)dco<Jdc>KcoLococo 

rvlDTj-,—      iCNCO-^LO^COCNi—  —  >— 


o 

c 

c 

ID 

o 
•T3 

c 
o 


^ 


o 


CN  Qi. 

CO  r) 

I  'T) 

CN  < 

o  q: 

z 

<  CM 

I—  r- 


Qi  O 

LU   ' 

CO  -x 

LU  < 

to 


in 

00 


cNOaDOOioocNOmo 

'^IXOKOOOCOCOCCO-^ 

00    —    ^CNOCOCNIOOOCNCMOOOOOO 

•oixKOixooo-^-oooiotvoqcNO 
Nciio-^KcocNvdKoddco'^d'— CO 


u 


lOOOLOOOLOOiOU-) 
^    —   OCOLO    —    COlOCNtX 


CO  Cv)  Cv)  LO  TJ- 


—  —  —  CNC0C0lO'^C0C0-<tCS'— 


CO  O  — 

— ■  d  — 


—  lOIX-—  lOOOCO-— 


<>  CN  O 

rv  CO  CN 


o  o 


o  o  o  o  o 
00  o  -^  CM  r\ 

l\  O  CO  O  — 


ooooooooooooo 

OOO-'tOCOlOCOOO^COCNO 

(>•—  hvco  —  o^cNcoioiOLorv 


OOCOOOOCOOOOO^OOOOCMIOOO-^ 


—    CNCNCS>0CNC0C0lO00^CM<O^IXOC0tX-«0 


I\<OLO"^COCOCNOOOOIOCO'— 


CN   CO   CO   CO    CN    — 


o  o  o 

O  —  00 

00  00  r- 

—  00  -^ 

-^  (D  ci  d  d 


oooooooooooooo 
cN^ooocoocMO  —  tvLorv-^-^ 

-^COOJ    —    r-    —    OOOtXlO-^CN 


t\   lO 

o  o  o  o  o  o  o 
c5c>c>cic>C)C><5(5(D<5(5<5<5 


oooooooo 
orxoo-— ooocM 

<—   OO    —    CNCOCOCNOO 

oooooooo 


oooooooooo 


a. 
e 


-J 
m 
< 


N 

si 

LO 
00 


CO 

I 


o  o  o  o  o  o  o 

O  00  t\  o  to  —  o 

cflOO^OOOcoK 


OOOOOOOOOOOOOOO 
—  KtxOiOOOOiO-^iO'—  OOiOO 

oocoo-—  "^o-OLoiorvcvicNcotvco 


lOlou-)TtcococM■-;OC^c^^vu^^cocNoc^rN.^■— c> 

COCOCOCOCOCOCOCOCOCNCMCNCNCNCMC^iCN'—    .— "    —    r-'d 


O 

-^ 

d  d 


Tt       OOOOOOOOOOOOOOOOOOOOOOO 

CM  r—  cMcoTToo-—  ■—  tvoo-^iocMCNcoorvrvooooixrv 

I,  <COOOCOOOO'^00>OLOlOLOK-—   K-^CO-^OOr—   MDCOK 
II  KMD-OLOlO-^COCM   —   pON.'O'^COCNOOOO'^-—   O-^ 

Z  COCOCOCOCOCOCOCOCOCOCNCNCNCMCNCNCN    —    —    —    I—'   ddd 


O  O  O  o  o 
i—   CN   CO   LO 


LOOOOOOOOOOOOOOOOOOO 

rvoiooiooooooooooooooo 

—    —    CNCNCO-^lO^OtXOOOCNlOOLOOOO 

—    —    —    CNCNCO-'^IO 


32 


CNCNCNCNCNCNCNCSCNCNCNCNCN(MCNCNCNI(N(N0O0O(X)OOCXD 
•OCNOO'^lOnOOOOOOOO'—  OOOO-^COOsOOOO 
O    —    —    CNOOCOCOCOCO^TJ-Tj-OOOOCNOOCOCN'-O 


'"-'OOOOOOOOOOOOOO 


CN    CM 

oooooooooo 


U 

LLI 
CO 

CN 
CN 


noocNuooohvtvuo'^ncoroi^ 

OOLOI^OOOOCNOOOOOOOO 
■X      ^OlOOI^I^OOO   —    ■—'—'—   00 

>  o  o  ^ 
CD  d  d 


^ncNCNinooocNOoom 

tv   —   O^OhsC^OmCNTTt^ 

-'^rcocoroO'—  CNoocoocN 


CNCSCMCNnCOCOOOnCMCNCNCMCNCN.—    OO'—    ■—    CN 


CN 

c 


U 

LU 

CO 


CN 

o 

CO 


cocococococococococococococooocococororv 


Kcoioi^m.—  txoio-—  -—  •—  KKiT) 


.—  K 


Pim-—  -^Kcoococxjo^Tr-srcoLoococoivNOO 
vJosOLo^'OOCNN.ococococNoocoinin^^oo 

^t^    irl-^pofv-I-ri-Knnnr"). —   , —   . —   <j'\   ry^   t^    rri   rri   m   rn   ■^ 


f^   lO 


-^   CO   CO   ^ 
CN    CO    -^    -^ 


oooO'—  ■—  ■—  oorvoococooo-^ 
-"^^loioioio^cococococo-— 


IV  rv  rv 

■^  O  -^ 

CO  o  o 

rx  CO  TT 

CO 


.—  CN  CM  CO 


o 


o 

e 

L.. 

a. 


n 

< 


Tf  II 

rv  Qi 

I  '^ 

II  u 


o  O 

CN  D. 
O  CO 

I  z 

< 


CO 

•O 

o 

CO 


o 
o 

U  OS 
LU  o 

CO  rv 


> 


O  o 

i=  "^ 

I-  ■  '^  3 

C^  O  CO  CO 


U  - 


CO 


> 


CO 


CO 

<) 


CO 

X 
I— 

Q. 
LU 

Q 

CM 


oocMTTooLniooooo 

KjOOCO.—    OOiOOOiOCOCN 

!>T3-tvi\ioior\ooocN 
i*co<OLOocNio.—  or^o 


^  lO  O  LO  o  o 

^  CN  CN 


CN  CO  CO 

^  ^  ^ 


o  o  o 

-"t  CN  O 

■t  O  IT, 

O  ^  tv 

00  u->  O 

00  00  1^ 


o  o  o 

O  00  -^ 

„  -^  vO  o 

CN  <5  lO  Tt 

iri  -^  d  lo 

K  l\  lO  -^ 


o 

00 


o  o  o  o  o 

CM  O  O  O  O 

1^  CM  >0  O  O 

lO  O  —  |\  o 

n!  no  K  LT)  K 

00  —  CO  O  CN  lO 

■—  CN  .— 


o 
o 
-<^ 
o 

-^  d 


oooooooooooooo 

OOOOOOO-'^OCNOO^'^-^OO 
MvOr-   ^0000O'<5-O<O'^-^-^'^O 


O  CO  CN  .—  CO  -o  o 


'^   IV  O  O  O  O   LO 


CM    .— 
-^    LO    O 


OO-—   OJIO-OOOOOOOCNnO 

(voooooooooooooooocoix 


ooooooooo 

OO'^'^OQOOOOCNOO 
O0000CJ3OOO  —  o 
O   CN    CN    -^    00   Ch    <>    CO   CM 

■^'  iri  in  d  ^'  ^'  CN  lo  d 
ivrxivixiOcocMi—  -— 


u 


ooooooooooooooooooooooo 

lO'—    OOIOCO-^LOIVOOOOOIOOOOOOIOCOIOOOCMOO 
CO-^^iOOOOOOOOOOOLOiOiOLO-^CNr-   —   o 

ooooooooooooooooooooooo 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

K 

r\ 

o 

o 

o 

CO 

IX 

00 

•o 

■5 

o 

"^ 

^ 

^' 

n-^ 

^ 

d 

d 

ooooooooooooooooo 

.—    CNCO^OO    —    ■—    IXOO^LOCNCNCOOKK 
CQCOOOCOOOO'^CDOiOlOiOIX-—   IX-^COTJ- 

rs.  >q  >q  LO  LO  ^  CO  CM  —  o  o  N.  o  ^  CO  CM  o 

COCOCOCOCOCOCOCOCOCOCNCNCNCNCNCNCN 


ooooooooooooooooooooooo 

OC0-—   O'—   lOO'^OCO-'*'—   IVCOI\OOLOCOLO"^OLO 
OCMOOCOI^O^COCNCNCN-^KCOOOO^COCOOO 


hvK-O>0lOL0-^C0CM.—   OOO'OLO-^CM'—   OK-^.—   o 
COCOCOCOCOCOCOCOCOCOCO<N<NCMCN(NCM--^^r-^^d 


00 
d 


iOOOOOLOOOOOOOOOOOOOOOOOOO 

t"       .—  cMcoiohvOLooinoooooooooooooo 

tt]  .—   —   CMCNCOTj-lOOt^OOOCMLOOLOOOO 

Q  .—    r—    >—    CNCNCO-^IO 


33 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOCNCsICNCMCnICNCNCS 

•^OhvOO'^'^OlOO'^CO-OOCOtXOOCNCNODCNCNOLOCN 

^.-^-^COCOCN    —    r-OOOOOrvO-^CN    —   O'—    CNOOOOCNCNCO 

U  —  ^^^^.—  ^^^ooooooooooooooo 


CM 

e 

e 

On 

c 


«0 

-IS 

o 

e 
a 

O 
-Ci 

c 

~e 

c 
o 


5 
a 


a 

'44 

I 

u 

n 

<: 


U 

UJ 
CO 

cnT 

LU 

U 

LU 
CO 

CO 

§o 

^  03 
^  O 

LU   00 

>6 

CO 

.  I 

s  II 

II  o 
II   u 

I— 

oO       ^ 

I    Z  00  o 
O  <  ;:--Tj- 

lO   Qi    CO    IT) 
O  I-  ^     I 


CO 

z 

o 


<     r^ 


CO 


M 
> 


u  - 


to 


> 

CO 


O 


CO 

X 
I— 

LU 

o 

CN 


OOOOCN   —   ■^CNCS'OOCOKlOCMCOOtVOOOlOCNCNOlOCS 
COOOO-OOOCOCOlOCOCNIXhsKOOCOO'—   -^CNCNOOCN 

*    ooLocoocovOcooLO'—  orvLocNOO'— or^-^-^-— 00"^ 
>pppp<>oqcx)rv.rv.rs.vqiO'^cocN-—  ooi—  CNCNCN^CN 

r-'^'^'^ddddc^dcDdc^cDdddddcDddcDd 


O  —  O  —  ^  —  '-O'-^^^ 
CNO   —   OCNCNOtOOCN^OO 

NOcoocN^i— ^CN>—  tnorv 
(jioc>ioc><)CN>qocNjco'<^K 
>>odr<cNCNi— '>dd'ood'-^tv.' 

•OOiOlO-^OOCNCN-—   OOOO 


1 —  I —  ' —   1 —  O^O^OO^O^O^O^O* 

oo  —  c>cooocNooc»orxoo 
oinrv-o  —  '^cNOOKoo 
-^pi^r-^tqo^incxjcncooqoo 

o'd-— 'tocNco>c>>d<)cocx)>d 

OlOCO.—      I—   CNCOCOCOCMCO 


> 
> 


tn-^-^ooooivcMooooino 

CNCNCNOO-^COlOOOin-OlOCOCO-^ 
OOO  —  C0C0OC0C>O"^'^00CM 
P    vq   Csj   O;    -^    "^   CN    -rr    CN   CO    "^    ^    to    IV. 

do'c><Jcoi-^dt<-^d'-^LONdK 

CN^^CO'^'^OOhvlvKCO'—   otv 


o  o  o  m  IT) 

o  cx)  o  o  rv 

K  vO    lO    CN  r- 

lo  00  ^  r>s  hv 

d  >d  K  o'  uo 

•O  CO   to   -^  CM 


CN 

to 

CO 


o 
in 
o 
o 

d  d 


N 

> 


oooooooooooooooo 

00-—   ■—  O-^O   —  COtXOOOOOOOOK 

comcN-^co  —  oooooocxjrvovooo 

tX    -"^   P    -^    rv   O    ■-;    CO    IT)   CN    00   lO    tq   CN   CO   CN 

c>o'odcoKcNioo6^<><)odcN^oJdd 


oooorv>o>oinio-<^cocNOoO'Oiooo<N  — 


o  o 
o  — 

CN   O 

'^  o 
d  CO  CO  d 


oooooooooooooooo 

Kcooor^Kcooocorv.—  ocoooo 

(jrv.KKvOio^'^cococscNOorxo'^ 

—     ,—     ,—     r-^^     —     ^^r-^^OOOO 


o  o 

o  o 

CO  CN 

o  o 

d  d 


o 
o 
o 
o 

d  d 


o 

CO 

o 
o 

d 


o 
rx 
o 
o 

d  d 


ooooooooooooooooooooooo 

ooorvoto-— o-— tvhvOtnoooiO'^tO'— ootnohN 

cQco-^ooocorNCocoo-— -"tooininrvCNCNcorvcoi^ 

u^u-)u-)TtcqrocN'-pc>>c>rxinTroocvjp<>rs.'<T^(>Tt 

COCOCOCOCOCOrOCOCOCNCNCNCNCM*CNCNCN--^|-^'— '--^ddd 


ooooooooooooooo 

^0>—   IVCNCNOOCNO^O-"^   —   "^r-   lOlO 
•OCSlVCOlOtXCN.—   CNCNCOlOOTj-r- 

Klv<)>qiq-^-^cocN--;poq<>tq^ 

COCOCOCOOOCOCOCOCOCOCOCNCNCMCN 


o  o  o  o  o 

o  to  '-  o  o 

O  O  -^  CN  CO 

CO  •—  o  rv  ^ 


o  o  o 

U-)  CN  -^ 
K  -^  00 
— O;    -^ 

cNCNr-^'-^'-^  ^'ddd 


oooooioooooooooooooo 

^CNCOiOKOiOOLOOOOOOOOOO 
>—    r—    CNCNCO-^LOvOrxOOOCMtO 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

lO 

o 

o 

o 

CM 

CN 

CO 

-^ 

lO 

34 


-a 

3 


3     t- 

<«   It; 
0)    <u 


rt  ^ 


3     3 


O 
^ 

'6 

'5 

1) 

a; 

a. 

a 

1— H 

en 

H- H 

pQ 

X 

s 

•  l-H 

CD 

c 

«M 

CD 

0 

Oh 

*iri 

Oh 

(« 

< 

^ 

2;   o 
B  ^ 

>-     O 


cfl     3 


ca    cfi 


•2  ^ 
13   V 


l-< 

c 


cS 


Q^       Oj       3 

-5  '♦S    c 


c 

3 


^     O 


u       <^        >-c 


o 
2   ^ 


c 


c« 


0^     J     bC    C 

(c    a;    to  "O 


o 

G     c     C 

">    m    '^ 


c    c 


bC 

c 


2    «    « 


QQ_  (O      p-  ^      Q. 


►-  -e-  x-3-^  3 


V 

a. 
o 


>> 

-o 

-a 

.^ 

v 

c 

<4-l 

_aj 

o 

'C 

c 

5£ 

V 

OJ 

o 

"o 

o 

8£ 

bC 

<u 

ta 

o 

kH 

o 

-o 

£?  e 

OJ  CO 

C  >" 

D  CO 

o  ® 


r   & 


o 

•3   -^ 
C     CO 


o 
c 
.2   > 

CO 


c 
^  .2    ^ 


CO     1) 


D.    3 


<«  .i; 


CO 


O 


CO     ^     •" 
P   -C     £ 


--5   -C 

CO  -o  pi;  js  U    > 


a;    t« 
a  oj 


c  c 
CO  a; 
'en     Q 

& 

o 

bC 


c 

V 

c 
o 
Q<   a; 

£  t; 

O     CO 

o    o 

g     N   Q    li^    CE> 


£     CO 


o 

-Q 


P. 

O 


is  2  J  2 

Li 

(« 
.Q 
3 


U     b£ 


35 


Figure  1.  — Locations  of  stations  and  sections. 
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Figure  2.  — Stations  used  in  determination  of  transport. 
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Figure  3. —  Temperature  (°C)  Section  1,  September  1961. 
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Figure  4.  — Salinity  (%o)  Section  1,  September  1961. 
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Figure  5.— Dissolved  oxygen  (ml/L)  Section  1,  September  1961. 
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Figure  6. —  Temperature  (°C)  Section  2,  September  1961. 
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Figure  7. -Salinity  {%o)  Section  2,  September  1961. 
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Figure  8.  — Dissolved  oxygen  (ml/L)  Section  2,  September  1961. 
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Figure  9. -Temperature  (°C)  Section  3,  September  1962. 
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Figure  10. —  Salinity  ("/oo)  Section  3,  September  1962. 
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Figure  11.  — Dissolved  oxygen  (ml/L)  Section  3,  September  1962. 
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Figure  12. -Temperature  (t)  Section  4,  September  1963. 
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Figure  13. -Salinity  ("/oo)  Section  4,  September  1963. 
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Figure  14. —  Dissolved  oxygen  (ml/L)  Section  4,  September  1963. 
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Figure  15.  -  Temperature  (°C)  Section  5,  Mav  1963. 
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Figure  16. -Salinity  C/oo)  Section  5,  May  1%3. 
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Figure  17. -Dissolved  oxygen  (ml/L) -Section  5,  May  1963. 


53 


$55 


in 

o 

in 

0 

IT) 

IX) 

10 

IT) 

— 

~ 

~^ 

T 

+  o  < 


o 


+  ;  0 

4- 

/ 

/     "1 

a>    i_ 

O       D 

<\i 

5       Ul 

o 

—       0) 

o 

0) 

3 


O 

o 


o 
o 


o 
o 


o 
o 

<M 

I 


o 
o 

I 


g_Ol  X  39S/SU04  ^iJiauj  ui  '^^  'jjocIsudj*  Dmdoj+soaQ 


54 


CO 

^_ 

<D 

£ 

Z3 
C 

C 

o 

o 
a5 


921 


6Z 


9Z  - 

QZ\  - 

6t7  = 

£21  - 


98 

021 
18 


179 


68 


16 


Zll 


l7ll 

69 


£9 
96 


Oil 


601 


Z6 


99 


66 

901 

69 


'    / 


1 


$    $    $ 


o 

CO 


o 
O 


o 

in 


(S>     to 


CD 

cn 

ID 

-- 

O 
1 

< 
1 

+ 

1 

1 

o 

1 
<l 

0) 


-a- 


00 

'3- 


r- 
^ 


ID 


-o 


o 
o 
o 


o 
o 
o 


O 


p 
o 


SJ9431U    OIUUDUAp     Ul      AlDOIOUD      |D|4Ua40d099 


55 


81  ns   - 


8£ 

£1  ns 


CO 

E 

3 
C 

C 

o 

o 
en 


e2   - 


II  ns    - 


22 

80  ns 


68     - 


so  ns    - 


92 

170  ns 


QZ    - 


o 

O 
in 


o 
O 


B 


4) 

cn 


3 


o 
O 

ro 


o 
a 
o 
« 
O 


o 
O 


00 


sjsjaai   ojuuDuAp    ui  A|Dujoud    iDjiusjododQ 


56 


<D 

E 

C 
C 

o 


921 
921 
6/ 

£21  k 


S8 

021 

Z8 


179 

68 


16 

l\  I 

l7ll 

65 


O 
CO      29 


t^e 


III 

56 


01 


601 


Z6 
59 


66 
501 

69 


\ 


<] 


-.o 


+9 
/ 

; 


./ 


/ 


/ 


:o 


$  ^ 


o        o 
O      O 
<S>      IS) 


D 

ID 
(X) 


U?      03      (X) 

CT)     cn     CD 


+    O    <l 


+   O  <]  - 


o 

o 


o 
O 


in 


o 


-a 
e 


o 

tfj 

O 

aT 

^ 

IS 

(D 

LO 

"D 

o 

3 

-o 

•♦— 

^ 

"■  — ^ 

u 

•♦— 

(/) 

O 

V 

-J 

E 

CO 

2 

o 
s 

o 

,_^ 

O 

td 

-3 

K) 

8 
V 

1 

§ 

O 

l_ 

1— t 
esi 

a 

K 

3 
O 

sjaiaoi   oiuuDuAp    ui 


A|DiJUOUD    |D!4ua|odo99 

57 


798-230  0-66— 5 


81  ns 


8£ 

£1  ns 


Q£ 

1 1  ns 


(A 


<1> 

Z£ 

jQ 

E 

80  ns 

3 

C 

C 

O 

62 

4— 

o 

5) 

sons 

92 

t70  ns 
sz 


o 

O 

If) 


-o 
c 


o 
O 


o 

s 

in 

o 


"D 

3 


o 
o 
o 


o 
O 

rO 


o 
&< 
o 

V 

O, 


o 

O 

c\J 


1^ 

^ 

in 

'^ 

to 

CM 

O) 

0> 

0) 

en 

<n 

en 

(n 


SJ9I9UU    OjUUDUAp     U!     A|DUJOUD      |D!|U940d099 


38 


^ 
' 


hawa:;aim 


«^  _'-> 


Figure  23.  — Topography  in  dynamic  meters,  250-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  24. —  Topography  in  dynamic  meters,  500-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  25. —Topography  in  dynamic  meters,  1,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  26. —Topography  in  dynamic  meters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1%1.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  27.  — Topography  in  dynamic  meters,  4,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  28. —Topography  in  dymanic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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FlGURE  29. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, September  1961.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  30.  — Topography  in  dynamic  meters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, August  1961.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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FIGURE  31.  — Topography  in  dynamic  meters,  4,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, August  1961.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  32. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, August  1961.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  33. -Topography  in  dynamic  meters,  250-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  34. —  Topography  in  dynamic  meters.  500-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean    monthly    pressures. 
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Figure  35.  — Topography  in  dynamic  meters,  1,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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t'lGURE  36. —  Topography  in  dynamic  nnieters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  37.— Topography  in  dynamic  meters,  4,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  38. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  stresses  from 
mean  monthly  pressures. 
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Figure  39. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, September  1962.  Drag  coefficient  0.0026;  meaned 
stresses  from  twice-daily  reports  of  pressure. 
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Figure  40. —  Topography  in  dynamic  meters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered, September  1962.  Drag  coefficient'  0.0012;  meaned 
stresses  from  twice-daily  reports  of  pressure. 
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Figure  41.— Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Eicman  divergence  not 
considered,  September  1962.  Drag  coefficient  0.0012;  meaned 
stresses  from  twice-daily  reports  of  pressure. 


0.5 
1  0 

2  0 

20"       30°        40°       50° 
VELOCITY  SCALE  FOR  .01  METER  INTERVAL 


77 


Figure  42.  — Topography  in  dynamic  meters,  250-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  43.  — Topography  in  dynamic  meters,  500-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  44.  — Topography  in  dynamic  meters,  1,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  45.— Topography  in  dynamic  meters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  46. —Topography  in  dynamic  meters,  4,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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F'GURE  47.  — Topography  in  dynamic  meters.  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  48. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  not  con- 
sidered. May  1963.  Drag  coefficient  0.0026;  stresses  from  mean 
monthly  pressures. 
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Figure  49.  — Topography  in  dynamic  meters,  250-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, May  1963.  Drag  coefficient  0.0012;  meaned  stresses 
from  twice-daily  reports  of  pressure. 
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Figure  50. —  Topography  in  dynamic  meters,  500-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0012;  meaned  stresses 
from  twice-daily  reports  of  pressure. 
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Figure  51.— Topography  in  dynamic  meters,  1,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0012;  meaned  stresses  from 
twice-daily  reports  of  pressure. 
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Figure  52.  — Topography  in  dynamic  meters,  2,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0012;  meaned  stresses  from 
twice-daily  reports  of  pressure. 
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Figure  53.— Topography  in  dynamic  meters,  4,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered, May  1963.  Drag  coefficient  0.0012;  meaned  stresses  from 
twice-daily  reports  of  pressure. 
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Figure  54. —Topography  in  dynamic  meters,  5,000-m  level  adjusted 
to  wind-driven  geostrophic  transport,  Ekman  divergence  con- 
sidered. May  1963.  Drag  coefficient  0.0012;  meaned  stresses  from 
twice-daily  reports  of  pressure. 
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Layer  of  Abnormally  Cold  Bottom  Water  over 
Southern  Aves  Ridge 

Abstract.  A  rhennograd  record  obtained  over  the  Aves  Ridge  indicated  exist- 
ence, at  the  time  of  observation,  of  a  cold  layer  of  water  in  the  lowest  13  meters, 
undergoing  high-frequency  internal  oscillations.  The  great  discontinuity  in  tem- 
perature across  the  sediment-water  interface  and  the  lack  of  agreement  with  the 
normal  temperature  structure  indicate  that  the  layer  was  a  transient  feature.  This 
abnormal  condition  may  be  related  to  the  passage  of  a  hurricane  3  days  earlier. 


On  28  September  1963  ocean-bottom 
heat  flow  and  near-bottom  water  tem- 
peratures were  measured  by  R/V  Con- 
rad in  a  depth  of  1060  m  over  the 
southern  part  of  the  Aves  Ridge  in  the 
Caribbean  at  13°06'N,  63°09'W.  The 
instrument  used,  the  Ewing  thermo- 
grad  (/),  records  the  temperatures  of 
three  or  more  thermistor  probes  ar- 
ranged along  a  core  pipe.  The  heat  flow 
measured  at  station  C7-2,  a  subject  of 
this  report,  was  1.1  Mcal  cm~-  sec~i 
(2). 

Four  temperature  probes  were  used, 
but  only  three  entered  the  sediment. 
Sediment  adhering  to  the  outside  of 
the  coring  pipe,  and  the  length  of  the 
extruded  core,  indicated  that  the  pipe 
had  penetrated  between  7.7  and  7.8  m. 
The  uppermost  probe  in  the  pipe  was 
10.5  m  above  the  pipe's  cutting  edge; 
thus  it  was  2.7  to  2.8  m  above  the 
sea  floor.  The  original  record  is  shown 
in  Fig.  1.  The  water  temperature  re- 
corded by  the  upper  probe  varied  with 
time  while  the  core  pipe  was  in  the 
sediment;  these  variations  are  shown 
graphically  in  Fig.  2;  the  time  scale 
is  approximate  because  the  speed  of 
the  motor  that  translated  the  recording 
film  is  not  constant  nor  exactly  known, 
but,  the  error  is  probably  less  than 
10  percent.  Within  the  6  minutes  of 
observation  the  temperature  clearly 
fluctuated  by  O.WC,  with  a  period  of 
about  2  minutes. 

In  Fig.  3  the  measured  temperatures 
are  plotted  against  distance  above  and 
below  the  sea  floor.  The  scale  for  dis- 
tance above  bottom  is  approximate;  it 
depends  on  the  rate  at  which  the  in- 
strument was  lowered,  which  is  not  ex- 
actly known.  The  temperature  gradient 
above  13  m  from  the  bottom  is  about 
0.30°C  per  100  m  but  became  much 
greater  closer  to  the  bottom.  Points 
A  and  B  in  Fig.  3  are  the  maximum 
and  minimum  temperatures  recorded  by 
the  uppermost  probe  while  on  the  bot- 
tom. The  temperature  gradient  in  the 
sediments  was  almost  constant  with 
depth.  The  bottom  temperature,  found 
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by  extrapolating  this  thermal  gradient 
to  the  water-sediment  interface,  was  ap- 
proximately 4.9°C;  this  should  be  the 
normal  bottom  temperature  if  one  as- 
sumes constant  thermal  conductivity 
with  depth. 

The  data  indicate  that  the  bottom 
water  was  abnormally  cold.  There  were 
two   divisions   to   this   water:    an   upper 


layer  above  13  m,  and  a  colder  lower 
layer  in  which  the  temperature  gradient 
was  very  steep. 

Water  temperatures  measured  by  the 
thermograd  were  lower  at  all  depths 
than  those  found  by  standard  hydro- 
graphic  techniques  (3).  However,  the 
difference  decreases  with  increasing  dis- 
tance from  the  bottom,  so  that  no  clear 
upper  limit  of  the  colder  water  can 
be  defined.  While  the  absolute  accuracy 
of  the  thermistor  probes  can  only  be 
estimated,  the  relative  accuracy  of  tem- 
perature measurements  by  one  probe 
in  the  water  is  about  0.01°C  (/).  Tem- 
peratures recorded  by  three  of  the 
thermistor  probes  in  the  water  agree 
within  0.01  °C.  The  lowermost  probe 
indicated  a  temperature  0.5°C  lower 
than  the  average  of  the  others;  this  dif- 
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Fig.  1.  Original  photographic  record  of  thermograd  station  C7-2,  showing  the  dis- 
placements of  each  temperature-probe  trace  during  the  time  the  instrument  was 
in  the  sediment  and  for  approximately  2  minutes  before  and  after  penetration  of  the 
sediment.  Variations  in  trace  displacement  are  almost  proportional  to  temperature 
changes  of  the  probes. 
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Fig.  2.  Temperature  fluctuations  recorded  by  the  uppermost  thermistor  2.7  to  2.8   m 
above  the  water-sediment  interface  over  the  Aves  Ridge. 
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Fig.   3.  Temperature  versus  distance  from 
the   water-sediment   interface   below   C7-2. 


ference  could  result  from  a  small  elec- 
trical resistance  in  series  with  the  ther- 
mistor. 

The  variation  of  temperature  with 
time  in  the  near-bottom  water  (Fig.  1) 
was  probably  a  manifestation  of  inter- 
nal waves.  If  the  normal  temperature 
gradient  was  present,  this  range  of  varia- 
tion wpuld  represent  vertical  motion  of 
100  m.  Because  of  the  boundary  con- 
ditions internal  waves  of  such  ampli- 
tude are  impossible  so  close  to  the 
bottom;  moreover,  the  observed  fre- 
quency was  higher  than  would  be  ex- 
pected in  the  nearby  homogeneous  deep 
water  of  the  Caribbean.  However,  high- 
frequency  internal  waves  can  occur 
with  the  large  temperature  gradient  ob- 
served in  the  lowest  13  m,  which  fact 
would  explain  the  temperature  fluctua- 
tions. 

The  observed  cold  bottom  water 
must  be  a  transient  feature.  Hurricane 
Edith  passed  within  2  deg.  north  of 
C7-2  only  3  days  before  the  measure- 
ments were  made;  the  passage  of  the 
hurricane  may  be  related  to  these  ob- 
servations. Leipper  (4)  has  reported 
great  upwelling  of  water  during  pas- 
sage of  hurricane  Hilda  through  the 
Gulf  of  Mexico;  he  believes  that  a 
150-m  vertical  migration  of  water  may 
have  occurred  at  depths  below  the  Ek- 
man  Layer.  The  cold  water  layer  over 
the  Aves  Ridge  may  have  been  a  resi- 
due of  deeper  cold  water  that  moved 
up  the  flanks  of  the  ridge  during 
the  passage  of  the  storm.  A  second 
possible  relation  to  the  hurricane  may 
derive  from  its  initiation  of  large  in- 
ternal waves:    impinging  on  the  ridge. 


these  waves  would  break  and  form  a 
"surf  zone"  on  top  of  the  ridge,  re- 
sulting in  the  thin  layer  of  much  colder 
water  near  the  bottom  and  short  period 
oscillations.  The  breaking  of  internal 
waves  as  they  pass  over  areas  of  de- 
creasing depth  has  been  reported  (5). 
Cooper  (6)  hypothesized  a  similar 
mechanism  to  explain  nutrient-rich  wa- 
ter on  the  continental  shelf  of  the 
western  English  Channel. 

Arnold  L.  Gordon 
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Columbia  University, 
Palisades,  New  York 


References  and  Notes 

1.  R.  Gerard,  M.  G.  Langseth.  Jr.,  M.  Ewing, 
J.    Ceophys.    Res.   67,   2   (1962). 

2.  M.  G.  Langseth  and  P.  J.  Grim,  ihiil.  69,  22 
(1964). 

3.  G.  Wlist,  "Stratification  and  circulation  in  the 
Antillean-Caribbean  basins,  pt.  1,"  in  VEMA 
Research  Series  II  (Columbia  Univ.  Press, 
New  York,   1964). 

4.  D.  Leipper,  "The  Gulf  of  Mexico  after  hurri- 
cane Hilda."  Texas  A.  and  M.  Univ.  ref. 
65-12T   (1965). 

5.  A.  Defant,  Physical  Oceanof^raphy  (Perga- 
mon.   New  York,   1961),  vol.   2. 

6.  L.    H.    N.    Cooper,    Nature    159,    579    (1947). 

7.  We  thank  ONR  for  support  [contract  Nonr 
266(48)],  and  Manik  Talwani,  chief  scientist 
aboard  R/V  Conrad.  Lamont  Geological  Ob- 
servatory  contribution   No.   889. 

*  Present  address:  Coast  and  Geodetic  Survey, 
Seattle,  Wash. 

26  August   1965 


1526 


30 


.  S.  DEPARTMENT 
OF    COMMERCE 


ENVIRONMENTAL 

SCIENCE  SERVICES 

ADMINISTRATION 

COAST  AND  GEODETIC 
SURVEY 


Washing^ton  Science  Center 
Rockville.  Maryland  20852 


OCEANOGRAPHIC  INVESTIGATION  OF 
PORT  NELLIE  JUAN  FIORD,  AUSKA 


By 


R.  B.  Jones 


ABSTRACT 


An  oceanographlc  Investigation  was  con- 
ducted in  Port  Nellie  Juan  fiord — along 
the  west  coast  of  Prince  William  Sound, 
Alaska — in  May  and  June  of  1959.   This 
investigation  included  Hansen  casts, 
bathythermograph  observations,  tide  ob- 
servations, current  observations  and 
bathymetric  soundings.   The  report 
depicts  the  distribution  of  temperature, 
salinity,  and  oxygen  throughout  the 
fiord  and  presents  the  data  obtained 
during  the  survey. 
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Figure  1 . Location  of  Port  Nellie  Juan  fiord  complex  and  position  of  bathythermograph  observations. 


INTRODUCTION 

Between  11  May  and  6  Jun«  1959  an  oceanographlc  investi- 
gation was  conducted  on  the  USC&GS  ship  BOWIE  in  Port  Nellie 
Juan — a  fiord  complex  along  the  west  coast  of  Prince  William 
Sound,  AlaskjL  (fig.  l).  The  bathymetric  data  show  the  fiord 
to  consist  of  three  basins,  separated  from  each  other  and 
from  the  Sound  by  sills.   The  oceanographlc  data  indicate 
a  layer  structure  and  circulation  within  the  fiord  that  is 
modified  to  varying  degrees  in  each  of  the  three  reaches  of 
the  fiord  by  the  seasonal  effects  of  heating,  cooling,  mix- 
ing, and  fresh- water  discharge.  At  the  greater  depths, 
the  sills  restrict  the  circulation  and  further  modify  the 
distinctive  characteristics  of  the  waters  in  each  basin, 

PHYSIOGRAPHIC  FEATURES  OF  THE  FIORD 
The  Port  Nellie  Juan  fiord  complex  is  part  of  the 
western  coast  of  Prince  William  Sound.  From  its  entrance 
between  Culross  Island  and  the  mainland,  the  fiord  extends 
about  18  Km  to  the  southwest  (fig.  l).   These  three  reaches 
correspond  to  three  basins  separated  by  deep  sills  in  the 
vicinity  of  stations  Pl8,  P12-15*  and  Pl-4  (figs.  ?  ani  3). 
The  deepest  sill  separates  the  outer  basin  from  Prince 
William  Sound.  The  outer  basin  is  the  deepest  of  the 
three  and  is  alio  deeper  than  that  part  of  Prince  William 
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Sound  into  whlcli  thii  fiord  opens.   The  latter  feature  of  the 
fiord  is  typical  of  many  fiord  coasts  (Dinse,  l89^).   The 
general  physiographic  and  oceanographic  features  of  Port 
Nellie  Juan  fit  the  description  of  Pacific  Coast  fiords  of 
British  Columbia  as  given  by  Carter  (193^). 

In  particular  the  following  can  be  said  of  the  reaches: 

Outer  reach.   In  this  reach.  Port  Nellie  Juan, 
a  sill  360  meters  in  depth  separates  the  lower  basin  of 
the  fiord  complex  from  Perry  Passage.   The  maximum  depth 
of  7B0  m  is  Just  inside  the  sill  at  the  mouth  of  the  fiord. 
Transverse  section  c-c'  (figs.  2   and  3)  across  the  fiord 
shows  a  V-shaped  bottom  profile.   At  the  western  limit  of 
the  outer  reach,  Nellie  Juan  Glacier — the  most  active  in 
the  area--empties  into  a  bight,  Derickson  Bay,  that  is 
frequently  filled  with  small  icebergs.   Just  east  of  the 
bight  a  tributary  arm.  Blue  Fiord,  extends  about  6.4  km 
in  a  southerly  direction  of  the  moraine  of  Ultramarine 
Gilacier. 

Middle  reach.   The  second  or  middle  reach  of  the 
fiord  extends  5  km  in  a  northwest-southeast  direction  at 
right  angles  to  the  other  two  reaches.   Its  basin  is 
separated  from  that  of  the  first  or  lower  reach  of  the 
fiord  by  a  sill  220  m  in  depth.   This  basin,  with  a 
maximum  depth  of  470  m,  is  the  shallowest  in  the  fiord 
complex. 


Inner  reach.   This  reach  at  the  head  of  the  fiord 
Is  known  as  Kings  Bay.   Its  basin  is  separated  from  that  of 
the  middle  reach  by  a  sill  I83  m  in  depth.   The  bottom  of 
this  reach,  for  two-thirds  of  its  length  from  the  sill,  is 
almost  flat.   Its  width,  shown  in  section  B-B  (figs.  2  and 
3),  is  more  than  half  of  the  fiord's  width  at  the  surface. 
Pour  glaciers  feed  into  Kings  Bay,  two  from  each  side. 

OBSERVATIONS 
Tides 

The  portable  tide  gage,  operated  near  the  entrance  of 
Kings  Bay  (fig.  l)  during  May  and  June,  recorded  a  mixed, 
mainly  semidurinal  tide.   The  maximum  range  was  4.3  m  and 
the  average  range  was  2.9  m. 
Currents 

Current  observations  were  made  with  a  single  Roberts 
Current  Meter  at  a  depth  of  4.6  m  in  Culross  Passage  (fig. 
1).   Thirty- four  hours  of  observations,  four  per  hour, 
were  taken  during  the  period  May  I8,  19  and  20.   Of  the 
136  observations  only  one  reached  0.4  kn;  one  other  reached 
0.3  kn;  and  all  of  the  rest  were  less  than  0.2  kn.   No 
direction  could  be  assigned  to  the  currents. 
Bathythermograph  Observations 

Bathythermograph  observations  were  made  at  47  points 
(fig.  1)  on  May  11,  12  and  13,  between  the  hours  of  18OO 
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and  0230.  Observations  along  each  arm  of  the  fiord  were 
mad*  In  a  continuous  run  and  so  provide  a  reasonably 
synoptic  picture  of  conditions.  These  data  are  given 
In  Appendix  1. 

The  surface  water  temperature,  taken  from  bucket 
samples,  decreases  from  the  head  of  the  fiord  to  the 
mouth.  The  values  ranged  from  8,5'C  In  the  Inner  basin 
to  a  low  of  6.5**C  at  the  mouth  of  the  fiord. 

No  surface  salinities  were  tsiken  with  the  bathy- 
thermograph observations. 
Oceanographlc  Observations 

These  data  are  presented  In  Appendix  II.  The  machine 
Interpolation  to  standard  depths,  the  computations  for 
slgma-t,  dynamic  height  anomaly,  and  sound  velocity,  and 
the  data  printout  were  all  accomplished  at  the  National 
Oceanographlc  Data  Center,  Washington,  D.C, 

Oceanographlc  stations  were  occupied  between  Nay  19 
and  June  6  at  the  points  marked  P-1,  2,  3,  4,  8,  12,  13, 
15,  18,  20,  22,  23,  24,  25,  30;  B-2,  5>  7;  M-2,  4;  and 
C-2,  4  (fig.  1).   No  stations  were  repeated.  A  protected 
and  unprotected  thermometer  were  paired  on  the  top  and 
bottom  bottles  of  each  cast.   Protected  thermometers  were 
paired  on  the  other  bottles  of  the  cast.  All  thermometers 
were  calibrated  at  the  University  of  Washington  prior  to 
the  BOWIE'S  sailing. 
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-  Oceanographic  station  plots  for  the  mouth,  middle,  and  head  of  the  fiord. 


Since  the  BOWIE  had  no  shipboard  laboratory^  the  oxygen 
Bfiuaples  were  drawn  and  the  three  reagents  for  the  Winkler 
nethod  of  analysis  were  added»  until  all  available  storage 
was  used  (about  13  stations).  The  BOWIE  then  proceeded  to 
the  Port  of  Whittier  where  the  iodine  titration  was  carried 
out  in  a  temporary  laboratory.  A  second  trip  was  made  to 
analyze  the  oxygen  samples  from  the  remaining  nine  stations. 
Salinity  samples  were  drawn  and  stored  in  citrate  bottles 
until  the  ship  returned  to  Seattle,  Washington,  The 
salinity  values  were  then  determined  with  a  salinometer  by 
the  Department  of  Oceanography  at  the  University  of  Washington, 
Results  of  Observations 

The  oceanographic  stations  were  taken  over  an  l8-day 
span  and  a  week  or  more  after  the  bathythermograph  observa- 
tions; consequently,  the  surface  water  temperatures  at 
the  oceanographic  station  could  not  be  compared  directly 
with  the  values  obtained  esu^lier  at  the  BT  stations. 
However,  where  the  positions  of  BT  and  oceanographic 
stations  coincided,  the  rate  of  change  in  surface  water 
temperature  was  computed.   At  all  points  the  temperature 
of  the  surface  water  increased,  generally  at  an  average 
rate  of  0.15*C  per  day.   The  observed  increase  in  tempera- 
ture is  in  agreement  with  the  seasonal  trend  noted  at  the 
tide  station  in  Seward. 
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The  salinity  of  the  surface  water  showed  a  marked 
lateral  variation  in  the  middle  and  outer  basins  with  the 
low-salinity  water  concentrated  to  the  right  of  an  observer 
looking  seaward  (fig,  4),  Both  salinity  and  temperature  of 
the  surface  water  increased  from  the  head  of  the  fiord 
toward  the  mouth.   These  surface  salinities  and  temperatures 
indicate  an  estuarine  circulation  pattern  as  described  by 
Tully  (1958). 

The  bottom  of  the  halocline  is  located  between  10  and 
12  meters  with  an  index  salinity  of  31.00   +0,2    .   The 
top  of  the  halocline  cannot  be  defined  due  to  a  lack  of 
data  (fig,  4). 

The  thermal  structure  of  the  fiord,  as  Indicated  by 
the  oceanographic  station  plot  (fig,  5)>  is  characterized 
by  minimum  temperature  at  two  levels  -  50  m  and  l40  m. 
During  the  period  of  observation,  from  11  May  to  6  June, 
both  the  water  temperature  and  depth  of  the  minimum 
temperature  layer  at  50  m  remained  constant,   A  ilmilar 
temperature  minimum  was  found  in  Prince  William  Sound  by 
the  BROWN  BEAR  (BROWN  BEAR  Station  19B,  1955).   However, 
this  temperature  minimum  was  found  at  a  depth  of  98  m. 
On  the  basis  of  this  station  in  Prince  William  Sound,  it 
appears  reasonable  to  assume  that  the  temperature  minimum 
layer  is  the  result  of  local  seasonal  mixing  and  flows 
out  of  the  fiord  to  help  form  the  minimum  temperature 
layer  in  Prince  William  Sound, 
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Figure  6. T-S  and  S-O  2  curves  for  Port  Nellie  Juan  and  Kings  Bay 
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The  warm  layer  below  the  minimum  temperature  values 

at  30  m  is  found  throughout  the  fiord;  but  the  msiximum 
temperatures  of  this  layer  Eire  found  in  the  inner  basin. 
The  presence  of  the  maximum  temperatures  in  the  inner 
basin  indicates  that  the  layer  must  be  the  result  of 
local  vertical  circulation. 

The  layer  below  the  maximum  temperature  layer  (140  m) 
can  be  identified  by  its  low  temperature,  relatively  high 
oxygen  values,  and  relatively  low  salinity.  However, 
this  layer  is  not  well  defined  in  the  inner  basin  (fig.  6), 
Since  local  vertical  circulation  should  produce  similar  effects 
in  all  three  basins,  it  would  follow  that  this  layer  (140  m) 
must  be  an  advective  layer  with  a  source  in  Prince  William 
Sound,   The  sill  in  the  vicinity  of  the  mouth  of  the  inner 
basin  restricts  the  flow  into  the  inner  basin.   The  effect 
of  this  sill  is  apparent  in  the  oxygen  distribution,  and 
to  a  lesser  extent,  the  salinity  distribution  below  140  m 
(fig.  6).   Within  the  inner  basin  the  mixed  zone  is  rather 
narrow  and  extends  to  about  300  m;  in  the  outer  basin, 
mixirig  appears  to  extend  to  the  bottom. 

The  source  and  mechanism  for  the  circulation  of  the 
bottom  water  in  all  basins  and  particularly  in  the  inner 
basin  is  not  apparent  in  these  data.      ^ 


13 


REFERENCES 


Carter,  N.M.,  1934,   Physiography  and  oceanography  of  some 

British  Columbia  fiord.   Proc.  5th  Pac.  Sci.  Congress, 
1933,  Vol.  I,  pp  721-733 

Dinse,  P.  189i4.   Fiord  formations.   A  contribution  to  the 
morphography  of  coasts.   Zeit.  Gesell,  f.  Erdkunde 
zu  Berlin,  29:189-259 

Tully,  J.  P.  1958.   On  structure,  entrainment,  and  transport 
in  estuarine  embayments .   J.  Mar.  Res.  17:523-535 


14 


APPENDIX  I 


O 


< 
o 

X 

a. 

< 
at 
O 
O 


< 

CO 


W 

w 

H 

< 

H 

CO 

>- 

P 

QC 

W 

z 

H 

=) 

H 

n 

2 

u 

tD 

>- 

t— 

> 

I— 

CO 

< 

►- 

c/) 

Z) 

t> 

►— 

OO 

7 

1    ►- 

c 

c 

O 

^         CP 

<X 

IT       ^ 

LP 

IP 

^i  ^- 

l^ 

t^     t-- 

t-- 

VD 

VO 

VD 

VD 

m 

-D 

s 

iH 

iH 

iH 

r-i 

M 

H 

rH 

^^ 

rH 

H 

n   > 
^    < 

0 

— 

Q 

0 

J 

t 

UJ 

o 

o 

C) 

o 

o 

O 

O 

o 

O 

O 

s     1  1 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

< 

0" 

c 

rr 

(<' 

C 

(Y- 

0^ 

(' 

vf^ 

or 

.-K 

IS 

3 

o   "  **■ 

<  S 
O- 

5 

s 

o 

o 

ir 
o 

IP 

q 

LP 

o 

IP 

■^ 

o 

IP 

5 

" 

^ 

^-O 

VO 

\o 

IT 

'^ 

MD 

VD 

^ 

tp 

vo 

^D 

Q 

o 

o 

o 

O 

o 

O 

o 

o 

o 

d 

Q 

a 

C\J 

a 

OJ 

C\J 

rH 

rH 

rH 

OJ 

rH 

D 

Oi    Z 

^ 

q 

o 

o 

o 

o 

O 

O 

q 

o 

o 

^ 

-=t- 

o- 

cr 

o> 

cr 

O^ 

CT 

cr 

CT> 

Q 

r- 

rH 

o 

o 

o 

o 

O 

O 

o 

O 

o       ^« 

o 

OJ 

rr 

LP 

t^ 

LP 

a"" 

a 

or 

LP 

_ — 1 

J5 

Lf 

cr 

t-- 

VD 

m 

U~ 

t~- 

CO 

t^ 

or 

8^ 

rH 

ri 

O 

H 

rH 

O 

o 

o 

O 

rH 

"^     ID 

o 

o 

O 

O 

o 

o 

o 

o 

o 

O 

■^ 

a 

ir 

r-l 

J 

on 

o 

r~   rH 

VO 

OJ 

O 

o 

n 

^  O 

z 

o 

o 

o 

fH 

o 

H 

o 

rH 

o 

r-\ 

rH 
rH 

o 

rH 

o 

rH 

OJ 

'Xj 

CO 

CO 

CO 

CO 

CO 

CO 

00 

CO 

00 

o 

^ 

^ 

^ 

r-l 

^ 
- 

^ 
^ 

-4- 

rH 

pj 

ir 

ir 

N 

^D 

LP 

yo 

or 

or 

LP 

VO 

o 

(X 

o- 

or 

O 

r-t 

o 

t^ 

t- 

t-- 

D 

<r 

CrJ 

fv- 

<r 

on 

or 

0^ 

or 

<x 

or 

O 

O 

O 

o 

o 

O 

o 

O 

o 

O 

VD 

VD 

M3 

VD 

VD 

^ 

VD 

VD 

VD 

VD 

Z 

N 

ir 

VD 

t^ 

LP 

o 

CO 

o- 

00 

rH 

'^  1 

5 

O" 

o 

OJ 

^ 

LP 

f-H 

IT 

O 

rH 

LP 

Z) 

O 

iH 

iH 

r^ 

OJ 

0^ 

0'' 

O 

O 

O 

O 

X 

0 

a 

C^ 

o. 

OJ 

OJ 

CO 

o 

O 

o 

< 

C^ 

a 

D 

a 

O^ 

CT 

o- 

cr 

cr 

cr 

IJJ 

> 

LTl 

LT 

IT 

ir 

LP 

LP 

Lf" 

LP 

LP 

LP 

I 
Z 

LTl 

IT 

LT 

IT 

LP 

LP 

LP 

LP 

LP 

LP 

Q 

0 

O 

O 

O 

o 

O 

o 

o 

o 

o 

o 

^ 

rH 

iH 

iH 

rH 

r-\ 

rH 

r-K 

c\ 

OJ 

OJ 

Q 

iH 

rH 

rH 

rH 

r-\ 

rH 

rH 

H 

rH 

r-\ 

,,  _  1 

rH 

^ 

o" 

^ 

IT 

Mli 

i-l 

(\ 

(V" 

^ 

2 
CONSEC 

SlIDE 
NUMBEIi 

s 

s 

S 

s 

s 

s 

O 

O 

o 

O 

a     _ 

3   -D      o 
Z  £     ' 

z    - 

o 
t-l 

OJ 
H 

iH 

OJ 

o 

Oj 
OJ 

H 

CT- 

O 
OJ 
rH 

rH 

C^ 

o 

cr 
o 

OJ 
,H 

a 

VD 

o 

OJ 
H 

VD 

o 

OJ 

a- 
vo 
o 

OJ 

APPENDIX  I 


o 


< 
a 


CL 
< 

BC 

o 
o 


<  9 


o 

z 

o 

o 

1— 

o 

z 

z 
< 

u 

T 

o 

lO 

V 

t— 

> 

u 

CO 

< 

o 

OJ 

cS 

3 

w 

p 

»— 

lO 

Z 

I 

o 


.     .-K 

or 

VO 

LO 

(r~ 

CO 

o 

CVJ 

CVJ 

CVJ 

rr 

rn 

CVJ 

CVJ 

VO 

rH 

H 

oJ 

CVJ 

rH 

00 

U3 

VO 

VO 

VO 

VO 

t- 

c^ 

t- 

t~- 

t^ 

t- 

N 

t^ 

t- 

t^ 

t- 

t>- 

1>- 

t-- 

r-- 

^ 

.'D 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

O 

o 

o 

o 

o 

o 

H 

iH 

r-l 

r-\ 

iH 

<-t 

rH 

rH 

r-i 

r-i 

rH 

H 

r-i 

rH 

rH 

H 

i-i 

r-i 

rH 

rH 

r1  > 
_   < 

0 



— 



< 

? 

-  J*  <^  i^« 

£ 

r-l 

r-l 

r-\ 

r-T 

VT 

■■'?T 

...^ 

-~n 

■3 

1 ^ 

-T5 

rr 

—n 

7T 

■D 

O 

n 

& 

(5 

o        s    1 
O    5 

< 

O 

O 

O 

O 

O 

o 

O 

o 

o 

O 

o 

O 

o 

O 

O 

O 

o 

o 

o 

o 

r^ 

rr 

on 

on 

rn 

ro 

on 

on 

on 

on 

on 

or 

m 

cr 

on 

or 

on 

cr. 

on 

on 

-8 

3 

a. 
i 

1 

o 

VO 
o 

o 

VO 
o 

VO 

o 

VO 

o 

o 

CO 

o 

00 

o 

o 

o 

CO 

o 

CO 

o 

CO 
O 

ON 

o 

CO 

o 

o 

O 

Ch 

o 

00 

o 

> 

VO 

t~^ 

00 

t-- 

t- 

00 

00 

o 

o 

a\ 

00 

o 

rH 

rH 

OJ 

cr 

cr 

O 

rH 

rH 

.'D 

S 

o 

o 

o 

o 

o 

o 

o 

rH 

r-i 

o 

o 

r-i 

rH 

rH 

rH 

o 

o 

o 

rH 

rH 

o 

OJ 

CVl 

CM 

CVJ 

o 

H 

rH 

r-t 

r-i 

r1 

r-\ 

r-i 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

a. 

o 

o 

o 

o 

o 

o 

O 

O 

O 

o 

O 

O 

O 

O 

O 

O 

o 

O 

O 

O 

cv 

CVl 

OJ 

CVJ 

CVJ 

CVJ 

CVJ 

C\J 

CVJ 

CVJ 

CVJ 

OJ 

OJ 

OJ 

OJ 

OJ 

OJ 

OJ 

OJ 

O 

rr 

o- 

cr 

en 

oo 

CTi 

on 

on 

cr, 

on 

cr 

on 

cr 

m 

cr 

on 

on 

m 

m 

t> 

^ 

VO 

M 

CT\ 

a\ 

CVJ 

-=!■ 

CVJ 

VO 

CO 

t- 

b- 

LP 

^ 

t~- 

rH 

cr, 

on 

o 

^il 

^ 

CO 

rH 

o 

rq 

CO 

CVJ 

on 

rH 

r^ 

r-\ 

(T 

•=1- 

VO 

N- 

cr 

CTi 

rH 

ON 

c^ 

8  = 

iD 

CV 

0- 

(T 
Q 

rH 

-^ 
<? 

VO 

in 

in 

in 

in 

O 

cn 

CVl 

rH 

or 

CT) 

CM 
<5 

OJ 

|i 

o 

o 

CO 

CVJ 

00 

CVJ 

00 

CVJ 

rH 

CVJ 

VO 

o 

CVJ 

cr 

^ 

rH 

o 

in 

m 

OJ 

a 

z 
o 

OD 

C-- 

VO 

VO 

cr 

iH 

CVl 

-=f 

in 

VD 

t>- 

o 

o 

O 

o 

CM 

^ 

in 

t-- 

cr 

o 

o 

o 

o 

o 

rH 

r-i 

rH 

r-i 

rH 

r-i 

CVJ 

CVJ 

OJ 

OJ 

OJ 

OJ 

CM 

CM 

CM 

° 

CO 

00 

CO 

CO 

00 

00 

00 

CO 

CO 

00 

CO 

CO 

CO 

CO 

00 

CO 

CO 

00 

00 

CO 

-=t 

-:d- 

^ 

■^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

1- 

M 

i-H 

r-\ 

iH 

r-H 

rH 

rH 

rH 

rH 

rH 

rH 

r-i 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

d 

i^ 

t- 

-4- 

H 

t- 

00 

CVJ 

m 

VO 

a> 

rH 

M 

CVJ 

t-1 

cr, 

LP 

t-H 

in 

rH 

o 

r~ 

VO 

VO 

VO 

in 

-=t- 

^ 

cr 

CVJ 

rH 

r-i 

rH 

rH 

o 

O 

rH 

rH 

CM 

on 

cr 

3 

< 

cr 

0^ 

cr 

OO 

cr 

on 

on 

on 

on 

on 

on 

or 

cr, 

or 

on 

or 

cr 

cr. 

on 

cr 

° 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

O 

o 

O 

O 

o 

o 

o 

^o 

VO 

VO 

VO 

VO 

VO 

VO 

VO 

VO 

VO 

VD 

VO 

VO 

VO 

VO 

VD 

VO 

VO 

VO 

VD 

f 

CO 

O 

lA 

H 

LO 

<7> 

00 

cr> 

cr 

t- 

1- 

or 

VD 

Ch 

t- 

CM 

t- 

o 

r-i 

'  i 

t 

cv 

or 

IT 

o 

CVJ 

on 

■^ 

o 

CVJ 

LP 

rH 

^ 

LP 

O 

rH 

or 

IP 

o 

OJ 

-^ 

at 

CO 

00 

00 

(J\ 

o> 

o^ 

a> 

o 

o 

o 

rH 

1- 

rH 

CVl 

CVl 

CV 

CVJ 

cr. 

en 

0- 

o 

I 

1- 

r-\ 

i-l 

r-\ 

rH 

rH 

rH 

CVJ 

CVJ 

CVJ 

ai 

cv 

CM 

CM 

w 

CM 

CM 

OJ 

CM 

CM 

< 

o 

a 

o- 

<y\ 

cr 

cy- 

CT> 

cr 

o> 

o^ 

o^ 

a 

a 

cr 

Ch 

cr 

cr 

cr\ 

a\ 

a 

>- 

LT 

LT 

ir 

\r\ 

LO 

LO 

LO 

LO 

in 

in 

in 

IT 

IP 

LP 

LP 

LP 

LP 

in 

in 

LP 

z 

IT 

LT 

IT 

in 

LP 

LP 

un 

LP 

LP 

IP 

LP 

IT 

LP 

IP 

in 

LP 

IP 

in 

in 

LP 

Q 

i 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

C 

o 

o 

o 

O 

o 

o 

o 

O 

< 

CV 

CVJ 

CVl 

OJ 

CVJ 

CM 

CVJ 

CVJ 

CVJ 

CVl 

CVJ 

cv 

CVJ 

OJ 

CM 

OJ 

CM 

OJ 

CM 

CM 

I- 

r-{ 

iH 

i-H 

rH 

iH 

r-i 

i-H 

r-i 

l-i 

rH 

r- 

H 

rH 

t-i 

r-i 

rH 

rH 

rH 

rH 

.        «      1 

I- 

CV 

(- 

^ 

LP 

VO 

t- 

CO 

a 

o 

rH 

cv 

or 

^ 

in 

'-0 

t- 

00 

cr 

O 

2 

CONS 

SLID 

NUMB 

o 

o 

o 

o 

O 

o 

O 

o 

o 

rH 

rH 

1- 

r- 

rH 

rH 

H 

rH 

-H 

rH 

CJ 

a 

PL| 

1^ 

p^ 

CL, 

Oh 

cu 

Oh 

CM 

(U 

CM 

D- 

0- 

Cu 

Oh 

Oh 

(U 

Oh 

CU 

Oh 

5E  4 

z  «     ° 

z   - 

cv 
cv 

1— 

cv 
a 

H 

a 
cv 

o% 

CVJ 
iH 

CVJ 
CVJ 
r-i 

CV 
CV 

r- 

CVJ 

CVJ 

r-{ 

a 
cv 

1^ 

CV 

cv 

(-1 

OJ 
CVJ 
r-i 

CVJ 

CVJ 

r-{ 

CT 

VO 

c 
cv 

CV 
a 

OJ 
CM 
rH 

OJ 
CM 
rH 

-=!■ 
O 
O 
rH 

OJ 
CM 
rH 

OJ 
CM 
rH 

■=!■ 

CM 
CM 

rH 

CM 
CM 
i-H 

APPENDIX  I 


O 


^   <   o 

^   <  S 


z 

< 

o 
o 


CO 

s 

< 

H 

CO 

@ 

a 

H 

Z 

o 

H 

u 

> 

h- 

> 

CO 

u 

CJ 

< 

c1 

CO 

o 

ts 

*- 

t_ 

1/5 

z 

.   .-s 

m 

o 

<-\ 

00 

CM 

CM 

CO 

00 

00 

CO 

i 

00 

a) 

CO 

t- 

h- 

CO 

1^ 

t>- 

t^ 

t- 

It 

^D 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

Q 

rH 

i-t 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

::5 

* 

r  - 
5'D 

Q 

-  9 

u 

s 

? 

-  t  ^  <  -    c „» 

" 

6 

6 

^ 

^ 

O 

O 

O 

C> 

O 

^ 

O            J      ^ 

< 

o 

o 

o 
on 

o 

O 

O 

on 

O 

on 

o 
en 

o 

0", 

CM 

.-B 

ON 

ON 

CJN 

ON 

ON 

o\ 

CA 

(J\ 

o 

CO 

Q. 

* 

o 

o 

O 

o 

Oi 

o 

o 

o 

rH 

o 

CO 

<-\ 

CM 

CM 

r-i 

rH 

rH 

rH 

rH 

CM 

o 

-D 

rH 

r-" 

rH 

rH 

rH 

rH 

rH 

H 

rH 

rH 

O 

O 

o 

O 

O 

O 

O 

rH 

rH 

CM 

CM 

o 

to  Z 

J^ 

O 

o 

o 

O 

o 

O 

o 

O 

O 

O 

^ 

CM 

ON 

0\ 

Q 

o 

on 

O 

o 

o       ^K 

'-0 

m 

u^ 

-o 

00 

rH 

CM 

CM 

VO 

CM 

Jl 

VO 

VO 

VD 

VO 

on 

VO 

o 

O 

m 

ON 

8° 

^ 

^ 

-=r 

^ 

CM 

-^ 

^ 

cn 

CM 

rH 

iU 

O 

<^ 

g 

<:? 

<^ 

o 

o 

Q 

Q 

o 

|» 

rH 

rH 

UD 

c^ 

(T 

CO 

^ 

ON 

m 

0- 

UJ 

rH 

^ 

on 

CM 

r-i 

^ 

VO 

t^ 

CJN 

o 

ID 

z 

0 

m 

on 

on 

0" 

on 

on 

on 

cn 

on 

^ 

CO 

CX3 

00 

CO 

CO 

CO 

00 

CO 

CO 

CO 

l-H 

rH 

r-\ 

r-l 

r-\ 

r-\ 

rH 

rH 

rH 

rH 

d 

on 

CM 

00 

^ 

r-i 

ON 

on 

in 

00 

O 

OJ 

CM 

rH 

rH 

r-i 

o 

o 

C3N 

00 

CO 

=3 
< 

en 

on 

on 

0^ 

m 

on 

on 

CM 

CM 

CM 

O 

O 

o 

o 

o 

o 

o 

o 

O 

o 

>-o 

VD 

VO 

VO 

VO 

VO 

VO 

VO 

VO 

VO 

ON 

C7N 

CM 

CO 

CM 

(7\ 

on 

I^ 

r-i 

in 

'  i 

i 

LA 

rH 

^ 

LP 

rH 

CM 

^ 

in 

rH 

CM 

o 

C) 

O 

o 

o 

rH 

r-{ 

rH 

rH 

CM 

CM 

1 

o 

X 

OJ 

O 

o 

o 

O 

O 

O 

O 

O 

o 

< 

ON 

C7N 

a\ 

a 

cr 

0^ 

C^ 

O^ 

a^ 

ON 

*■ 

in 

in 

in 

IT 

in 

in 

in 

in 

in 

in 

X 

Z 

lA 

in 

in 

IT 

IT 

tn 

in 

in 

in 

in 

Q 

S 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

< 

CM 

on 

on 

fT- 

rr 

0" 

m 

on 

m 

on 

I-t 

rH 

r-\ 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

.     .    1 

l-l 

CM 

v<^ 

^ 

IT 

VO 

t- 

00 

CT^ 

o 

2 

CONS 

SLID 

NUMB 

CM 
Oh 

CM 

CM 
Oh 

CM 

CM 

CM 

OJ 
Oh 

CVl 

CM 

on 

1 

INSTRUMENT 
iER    and    lEHER 

CVJ 
CM 
rH 

CM 
CM 

CM 
CM 

OJ 

c\ 

rH 

CM 

CM 

H 

CM 
CM 
rH 

CM 
CM 

H 

CM 
CVJ 
rH 

CM 
CU 
rH 

OJ 
CM 

rH 

=  1' 

APPENDIX  I 


O 


<  9 


>■ 
X 

CD 


^  o        _ 


> 

>— 

> 

y- 

CO 

O 

C3 

< 

r-^ 

t— 

CO 

3 

P 

l- 

10 

Z 

■    .^H 

t>- 

t- 

H 

CO 

CM 

CVJ 

CM 

CM 

CM 

CM 

1 

,^ 

MD 

>^ 

N- 

VD 

N- 

h- 

b- 

b- 

t>- 

[> 

1 

« 

-D 

O 

o 

o 

O 

O 

o 

O 

O 

O 

o 

uOo- 

i-l 

H 

pH 

rH 

ri 

H 

H 

H 

H 

r^ 

i 

t^ 

r° 

i.n 

-9 

5 

1 

-  >«<-i*,« 

ac 

t  - 

2  a  1 

r-i 
O 

rH 

o 

rH 
O 

H 
O 

O 
O 

O 

o 

O 

o 

O 
O 

o 
o 

O 
O 

ac    — 

< 

00 

ro 

CO 

CO 

CO 

cr 

cr 

cr 

CO 

CO 

a 

2 

t^ 

t- 

f- 

t- 

VO 

VO 

VO 

VD 

t-1 

t- 

1 
I 

1 

* 

o 

o 

o 

o 

O 

O 

O 

O 

o 

o 

2 

*~ 

t-- 

t~- 

t- 

t- 

h- 

VO 

VD 

VO 

t- 

c-^ 

.-D 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

rH 

rH 

rH 

o 

o 

o 

o 

o 

o 

00  Z 

3; 

o 

o 

O 

O 

O 

o 

o 

o 

o 

o 

CM 

CM 

CM 

a 

CO 

CO 

CO 

o     ^8 

iH 

o 

CO 

CO 

■^ 

o 

a 

OJ 

CO 

VO 

is 

0\ 

o 

rH 

o 

00 
H 

t- 
rH 

IT 
r-i 

IT 
rH 

00 

o 

IT 

o 

VO 

o 

^     JD 

o 

o 

o 

O 

O 

O 

o 

o 

o 

o 

W> 

V£) 

CM 

CO 

o\ 

c^ 

00 

00 

cr 

rH 

CM 

Q 

in 

in 

•^ 

■=t- 

■* 

■:4- 

-=f 

IT 

O 

o 

3 

z 
o 

rH 

H 

r-i 

rH 

r-i 

r-i 

H 

rH 

rH 

rH 

° 

CO 

CO 

00 

00 

CO 

00 

CO 

CO 

00 

00 

rH 

rH 

rH 

rH 

r^ 

rH 

r-i 

r-i 

J 

CVJ 

OO 

in 

00 

CM 

IT 

IT 

cr 

t> 

VO 

o 

cr> 

Cf\ 

cr 

00 

00 

t-- 

S 

VO 

cn 

o 

< 

OJ 

CM 

CM 

CM 

CM 

CM 

CM 

OJ 

CO 

cr 

-- 

° 

O 

O 

o 

o 

O 

o 

o 

o 

o 

O 

>^ 

VD 

VO 

>^ 

VD 

VD 

VO 

VO 

VO 

VO 

z 

^ 

VO 

t^ 

<y\ 

in 

CO 

rH 

ir 

CO 

<T 

'i 

2 

CO 

^ 

in 

rH 

CO 

■=!■ 

IT 

o 

cr 

LP 

QC 
3 

<T\ 

(7\ 

<3> 

O 

o 

O 

o 

t-i 

O 

O 

0 

I 

iH 

rH 

H 

CM 

CM 

CM 

CM 

OJ 

O 

o 

DC 

Ch 

as 

cr 

o> 

ON 

cr 

a 

cr 

cr 

cr 

!k 

in 

in 

in 

in 

in 

IT 

IT 

IT 

IT 

in 

X 

in 

in 

in 

in 

in 

IT 

IT 

IT 

LP 

m 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

-          ■ 

fO 

fo 

<v 

<A 

(^ 

(V 

c^ 

c" 

^ 

^ 

< 

iH 

rH 

H 

rH 

H 

rH 

r-i 

iH 

r-i 

rH 

U          tt 

fH 

CVJ 

CO 

::t 

in 

VO 

VO 

t-- 

cr 

VO 

irt   Q  (O 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

y    z 

m 

w 

m 

PQ 

pq 

m 

m 

Aj 

E 

s 

1 

INSTRUMENT 
BER    and    LETTER 

.    and    o.    Su«..  1 

o 

OJ 
H 

CM 
CM 
H 

cr 

CM 
H 

CM 
CM 
H 

CM 
CM 
r-i 

CVJ 

cv 

H 

CM 
OJ 

H 

<T 

cr 

CM 
r-i 

cr 

CM 
rH 

Hi 

APPENDIX  II 


SURFACE   OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BPOl 

05 

20 

1959 

20 

60          37    N 

146       oa  w 

0247 

02 

WIND 

ANEMO 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

HGT 

DRY  y 

WET  t 

TYPE 

AM  r. 

OIR 

AMT 

DIR 

AMT 

COL 

TRANS- 

02       32 

09 

23 

09    4 

08    3 

86 

50 

A 

8 

32 

1 

00 

0 

5 

30 

STD 


SUBSURFACE   OBSERVATIONS 


SAMPLE 
DEPTH    IM) 


T  ='c 
I 


STD 


STD 


sro 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 


0000 
0000 
0010 
0010 
0020 
0020 
003'.' 
OO'^C 
0  0^.0 
0050 
0070 
0075 
0093 
0100 
0140 
0150 
0185 
0200 
0230 


07 
07 
06 
06 
05 
05 
I  05 
05 
J  A 
04 
04 
04 
04 
04 
05 
05 
05 
05 
05 


5  "/, 


83  28 

8  3  !2  8 

16  ,30 

16  I3O 

89  I3I 


89 

00 
00 
57 
5/ 
75 
75 
77 
82 


31 
31 
31 
31 
31 
31 
31 
32 
32 


04  i3? 
07'  32 
2  2y  3  2 
32 
32 


f 


3 

55 


45 
45 
95 
95 
17 
17 
51 
51 
79 
79 
96 
97 
02 
04 
13 
14 
2" 
31 
48 


22 
22 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


19 
19 
36 
36 
57 
57 
94 
94 
20 
20 
32 
33 
36 
37 

'4  2 

i.3 
h9 
53 
64 


0    000 


0    046 


0    08  1 


0    li3 


0    171 


0    239 


0    305 


0    '■,  3  5 


0    561 


0,ml/l 


07 
07 
37 
37 
08 
08 
47 
47 
35 
35 
06 
06 
04 
98 
71 
67 
55 
38 
85 


48248 


48137 


48116 


48016 


47981 


48027 


48055 


48123 


48192 


Ji!»PEMDIX  II 


SI   RFflCt:   OBSERVATIONS 

NODC 
REF, 
NO 

STAnor 

DATE 

POSITION 

SONX 

DEPTH 

UNCOPRFrTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

VE,R 

H'^ur; 

LATITUDE 

LONGITUDE 

00520 

BP02 

05 

20 

1959 

21 

■^0          37' N  1    1*8          07'  W 

03e8 

03 

1 

1             WIND 

ANEMO 

AIR 

AIR  TEMPERATURE 

H  U  f-i  1  u 
ITY 

^;EATHER 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

i 
SPEED        DIR 

H&T       !    PRESS. 
1 

DRY  ♦ 

WET  y 

TYPE  IaMT. 

DIR 

AMT 

DIR 

AMT 

COL      TRANS 

01       32 

09 

2<t 

10    0 

08    9 

87 

50 

4      8 

32 

1 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


DBS 
) 
OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE   OBSERVATIOrJS 


SAMPLE 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0045 
0050 
0050 
0068 
0075 
0093 
0100 
0117 
0142 
0150 
0166 
0190 
0200 
0238 
0250 
0285 
0300 
0338 


T  °C 


08 
08 
06 
06 
05 
05 
05 
05 
OA 
04 
04 
04 
04 
05 
04 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


17 

17 

10 

10 

79 

79 

23 

23 

58 

68 

68 

20 

40 

89^ 

89 

02 

92 

95 

03 

20 

28 

49 

51 

57 

60 

66 


27 
£7 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 


36 
36 
90 
90 
23 
23 
45 
45 
72 
76 
76 
88 
93 
04 
06 
10 
13 
14 
18 
27 
31 
48 
57 
78 
84 
92 


21 
21 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


29  0 

29 

33 

33 

63 

63 

86 

86 

15 

17 

17 

•>l 

33 

25*1 

36 

40 

43 

44 

46 

51 

54 

65 

72 

87 

92 

97 


000 
0  051 
0  085 
0  117 

0  176 

0  245 
311 


0  440 


566 
685 
796 


0,ml/l 


77 
77 
52 
52 
95 
95 
63 
63 
55 
31 
31 
57 
36 
97 
90 
78 
78 
78 
73 
50 
39 
94 
75 
31 
18 
01 


48247 
48127 
48105 
48045 

47994 

47978 

48065 

48106 

48188 
48259 
48312 


APPENDIX  II 


SURFACE  OBSERVATrONS 

NODC 
KEF 
MO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 

SAMPLE 
DEPTH 

MO 

DAY 

YEftR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP03 

05 

20 

1959 

23 

60          36    H 

148         06    W 

0316 

03 

w:nd 

ANEMO 

HGT 

AR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRYf 

WETt 

TYPE 

AMT, 

DIR. 

AMT 

DIR. 

AMT 

COL. 

TRANS. 

02       32 

09 

2U 

11    7 

10    0 

81 

50 

t* 

8 

32 

1 

00 

0 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLC: 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0045 
0050 
0050 
0069 
0075 
0092 
0100 
0136 
0150 
0168 
0191 
0200 
0237 
0250 
0277 
0300 
0310 


T  '^t 


08 
08 
06 
06 
05 
05 
05 
05 
04 
04 
04 
04 
04 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


21 
21 
41 
41 
77 
77 
47 
47 
71 
66 
66 
66 
64 
62 
66 
84 
92 
02 
13 
24 
54 
54 
55 
56 
56 


25 
25 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 


s  v.. 


73 
73 
82 
82 
21 
21 
43 
43 
59 
66 
66 
93 
95 
99 
01 
10 
13 
18 
24 
30 
52 
61 
76 
83 
85 


20 
20 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
26 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


02 
02 
23 
23 
61 
61 
82 
82 
03 
09 
09 
30 
32 
36 
37 
42 
43 
46 
50 
53 
67 
74 
86 
92 
93 


0  000 
0  057 
0  092 
0  125 

0  185 

0  254 
0  320 
0  450 

0  576 
0  695 
0  806 


O.ml/! 


77 
77 
52 
52 
93 
93 
81 
81 
91 
73 
73 
11 
12 
13 
10 
90 
77 
66 
59 
43 
84 
66 
32 
08 
99 


47988 

48012 
48032 
48102 

48182 
48265 
48306 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 

REF              STATION 
NO 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX. 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520    BP04 

1 

03 

21 

1959 

01 

60         36    N 

^►e       06  w 

0177 

01 

WIND 

ANEMO 

HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

WEATHER 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRY  y 

WET  H 

TYPE 

AMT. 

DIR. 

AMT 

DIR 

AMT. 

COL 

TRANS. 

02       32 

09 

2^ 

12    8 

10    6 

76 

50 

4 

4 

32          1 

00 

0 

^ 

30 

SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (M) 


STD    I  0000 
OBSJ  0000 


STD 

OBS 

STD 

OBS 

STD 

OBS 
OBS 
OBS 

STD 

OBS 
OBS 
OBS 

STD 

OBS 


0010 
0010 
0020 
0020 
0030 
0030 
0035 
0044 
0050 
005  0 
0056 
0069 
0075 
0081 


07 

0  7 
06 
06 
05 
05 
05 
05 
05 
04 
04 
04 
04 
04 
04 
04 


98 

98 
72 
72 
76 
76 
55 
55 
08 
72 
68 
68 
69 
80 
77 
70 


22 
22 

30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 


s  V. 


67 
67 
59 
59 
13 
13 
37 
37 
46 
61 
61 
61 
76 
84 
89 
96 


17 
17 
24 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 


66 

66 
01 
01 
55 
55 
76 
76 
89 
05 
05 
05 
17 
22 
26 
32 


Z  AD 


0    000 

0  070 
0  106 
0    139 

0    200 

0    271 


0,ml/l 


90 
9  0 
43 
43 
22 
22 
91 
91 
48 
78 
75 
75 
32 
17 
10 
03 


48034 


48196 


48097 


48085 


47988 


48027 


APPENDIX  II 


SURFACE   OBSERVATIONS 

NODC 
REF 
NO. 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX. 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00320 

BP08 

05 

20 

1959 

01 

60  '      33'n 

1^8          14    W 

0534 

05 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

WEATHER 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIP 

DRY  t 

WET  t 

TYPE 

AMT. 

DIR 

AMT. 

DIR. 

AMT. 

COL, 

TRANS. 

00       00 

09 

19 

10    0 

05    6 

49 

50 

4 

8 

18 

1 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH   (M) 


0000 

0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0069 
0075 
0093 
0100 
0117 
0142 
0150 
0167 
0190 
0200 
0237 
0250 
0284 
0300 
0383 
0400 
0482 


07 
07 
06 
06 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


42 
42 

17 
17 
78 
78 
90 
90 
92 
92 
54 
45 
25 
21 
15 
14 
14 
15 
29 
36 
54 
55 
56 
55 
50 
49 
47 


s  '/.. 


27 
27 
30 
30 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
33 


77 
77 
65 
65 
13 
13 
44 
44 
77 
77 
04 
05 
08 
09 
11 
16 
17 
19 
28 
31 
45 
55 
75 
79 
94 
96 
03 


21 
21 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
26 
26 
26 


71 
71 
13 
13 
55 
55 
89 
89 
15 
15 
29 
31 
36 
37 
39 
43 
44 
46 
51 
53 
62 
70 
85 
88 
01 
03 
08 


Z  AD 


0  000 

0  050 

0  086 

0  118 

0  177 

0  246 

0  312 

0  441 

0  567 

0  688 

0  800 

1  009 


0,ml/l 


89 
89 
79 
79 
46 
46 
51 
51 
03 
03 
48 
49 
55 
60 
66 
60 
60 
57 
49 
33 
82 
66 
32 
24 
94 
90 
78 


48167 
46126 

48100 
47999 
48028 

48126 
48110 

48133 

48198 
48264 

48303 
48361 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 

NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX, 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP12 

06 

0^ 

1959 

19 

60         32    N 

148         20    W 

01 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID 
ITY 

CLOUD 

SEA 

SWELL 

WATER 
VIS 

SPEED        DIR 

DRY  f 

WET  t 

TYPE 

AMT. 

DIR, 

AMT 

DIR 

AMT, 

COL, 

TRANS, 

03       25 

09 

0^» 

11       1 

09    <t 

81 

00 

0 

25 

3 

8    30 

STD 
C 

STD 

STD 
C 

STD 


OBS 


STD 


STD 


STD 


OBS 
) 

OBS 
OBS 
OBS 
) 

OBS 
OBS 

) 
OBS 

) 

OBS 
OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (Ml 


0000 
0000 
0010 
0020 
0020 
0030 
0030 
0040 
0045 
0050 
0050 
0069 
0075 
0094 
0100 
0118 
0133 


T  °C 


10 
10 
07 
05 
05 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 


67 
67 
78 
94 
94 
16 
16 
91 
80 
85 
85 
22 
37 
68 
68 
67 
56 


s  V.o 


26 
26 
29 
31 

31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 


59 
59 
54 
11 
11 
29 
29 
52 
62 
68 
68 
96 
02 
15 
17 
23 
27 


20 
20 
23 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 


33 
33 
05 
51 
51 
75 
75 
95 
04 
09 
09 
27 
30 
36 
38 
43 
47 


0    000 

0    061 
0    103 

0    136 


0    197 

0    267 
0    333 


0,iiil/l 


12 
12 
26 
40 
40 
72 
72 
92 
63 
30 
30 
64 
53 
25 
17 
04 
05 


48526 

48291 
48120 

48029 


48014 

48114 
48176 


APPENDIX  II 


SURFACE   OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP13 

06 

04 

1959 

20 

60         31    N 

148         20    W 

0320 

03 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  f 

WET  H 

TYPE 

AMT. 

DIR 

AMT 

DIR 

AMT. 

COL 

TRANS 

04       14 

09 

03 

11       1 

09    4 

81 

00 

1 

4 

25 

1 

8 

30 

STD 
C 

STD 

STD 
C 

STD 


OBS 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 

) 

OBS 
OBS 
OBS 

) 

OBS 
OBS 

) 
OBS 

) 

OBS 
OBS 

) 

OBS 
OBS 

) 
OBS 

) 
OBS 

) 
OBS 


SUBSURFACF  OBSERVATIONS 


SAMPLE 
DEPTH   (M) 


0000 
0000 
0010 
0020 
0020 
0030 
0030 
0040 
0046 
0050 
0050 
0069 
0075 
0092 
0100 
0115 
0140 
0150 
0162 
0187 
0200 
0236 
0250 
0286 
0300 
0323 


T  °C 
I- 


10 
10 
07 
06 
06 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


45 
45 
72 
00 
00 
28 
28 
92 
81 
94 
94 
31 
43 
66 
66 
71 
36 
38 
41 
50 
52 
66 
55 
53 
53 
53 


s  "/.. 


23 
23 
28 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 


03 
03 
33 
11 
11 
38 
38 
49 
61 
73 
73 
96 
02 
14 
17 
22 
25 
26 
31 
51 
55 
65 
68 
75 
77 
78 


17 
17 
22 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
26 
25 
25 
25 
25 
25 
25 
26 
25 


60 
60 
11 
51 
51 
80 
80 
93 
04 
12 
12 
26 
29 
36 
38 
42 
48 
49 
52 
67 
70 
77 
80 
86 
87 
88 


0    000 

0   079 
0    125 

0    158 


0    218 

0  287 
0    354 

0    48  2 

0  603 
0  717 
0    827 


0,ml/l 


87 
87 
00 
12 
12 
45 
45 
94 
40 
98 
98 
48 
35 
10 
03 
99 
17 
21 
25 
80 
67 
39 
32 
15 
10 
05 


48359 

48235 
48128 

48049 


48029 

48122 
48176 

48169 

48230 
48269 
48300 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF, 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX, 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BPU 

06 

04 

1959 

22 

60          31    N 

148          20    W 

02^0 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  f 

WET  t 

TYPE 

AMT. 

DIR, 

AMT, 

DIR, 

AMT. 

COL, 

TRANS. 

03       27 

09 

00 

14    4 

13    3 

88 

00 

1 

4 

09 

2 

8 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD. 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OB 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
). 

OBS 

OBS 
) 

OBS 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (Mj 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0034 
0040 
0043 
0050 
0066 
0075 
0091 
0100 
0137 
0140 
0150 
0160 
0184 
0200 
0211 
0231 


T°C 


10 
10 
06 
06 
05 
05 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


36 
36 
96 
96 

78 
78 
31 
31 
99 
82 
87 
95 
18 
39 
66 
65 
63 
39 
40 
42 
52 
51 
51 
53 


16 
16 

30 
30 
31 
31 
31 
31 

•5  1 

31 
31 
31 
31 
31 
32 
32 
32 
33 
32 
31 
32 
32 
32 
32 


08 
08 
38 
38 
14 
14 
36 
36 

4  6 
58 
67 
75 
92 
99 
11 
20 
45 
16* 
45 
26* 
45 
51 

5  7 
70 


12 
12 
23 
23 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
26 
25 
24 
25 
25 
25 
25 


23 

23 

82 

82 

56 

56 

78 

78 

90 

01 

08 

13 

24 

27 

34 

41 

61 

20* 

63 

69iii 

62 

67 

72 

82 


000 
097 
134 

167 

227 
297 
363 


0    48  7 


0    605 


0,ml/l 


7] 
7] 
48 
4P 
11 
11 
51 
51 
20 
62 
20 
99 
55 
29 
96 
96 
94 
04 
04 
00 
73 
54 
41 
16 


48073 
48219 
48100 
48052 

48031 
48115 
48174 

48180 

48227 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP15 

06 

05 

1959 

00 

60          30    N 

146          20'  W 

0201 

02 

WIND 

ANEMO 
HOT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  t 

WET  t 

TYPE 

AMT, 

DIR 

AMT 

DIR 

AMT, 

COL. 

TRANS. 

04       27 

09 

00 

14    4 

12    8 

83 

00 

1 

4 

03 

3 

8 

30 

STD 
C 

STD 
STD 

C 
STD 


OBS 


STD 


STD 


STD 


STD 


OBS 

) 

OBS 
OBS 
OBS 

) 

OBS 
OBS 

) 
OBS 

) 
OBS 

) 
OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 

DEPTH    (M) 


0000 
0000 
0010 
0020 
0020 
0030 
0030 
0040 
0045 
0050 
0050 
0069 
0075 
0092 
0100 
0141 
0150 
0160 


T  ^C 


s  •/., 


10 
10 
07 
05 
05 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 


57 
57 
56 
77 
77 
19 
19 
78 
76 
79 
79 
15 
26 
49 
45 
33 
33 
33 


14 
14 
25 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 


45 
45 
55 
20 
20 
41 
41 
61 
69 
73 
73 
90 
96 
09 
11 
21 
23 
26 


10 
10 
19 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


94 
94 
96 
61 
61 
84 
84 
04 
10 
13 
13 
23 
26 
34 
36 
45 
47 
49 


0  000 

0  122 

0  177 

0  210 


0  269 

0  339 

0  406 

0  535 


O.inl/I 


54 
54 
81 
07 
07 
36 
36 
50 
26 
07 
07 
66 
52 
21 
21 
19 
18 
17 


48034 

48102 
48101 

48038 


48008 

48096 
48143 
48162 


APPENDIX  n 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX. 
SAMPLE 

DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP18 

05 

21 

1959 

03 

60         33    M 

148         26    W 

0187 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRYf 

WETt 

TYPE 

AMT. 

DIR. 

AMT. 

DIR 

AMT. 

COL 

TRANS. 

01       18 

09 

25 

13    9 

12    8 

88 

50 

4 

2 

18 

1 

00 

0 

5 

30 

STO 


STD 


STD 


STO 


STD 


STD 


STD 


STD 


DBS 
) 

DBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH   (M, 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0069 
0075 
0092 
0100 
0137 
0150 
0157 
0184 


T  °C 


08 
08 
06 
06 
05 
05 
05 
05 
Oi* 
0/1 
05 
05 
05 
05 
05 
05 
05 
05 


63 

63 
23 
23 

63 
63 
15 
15 
84 
84 
12 
31 
68 
65 
58 
60 
61 
63 


2i 
21 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 


s  •/.. 


38 
38 
77 
77 
18 
18 
3A 
34 
68 
68 
85 
93 
11 
13 
20 
23 
24 
29 


16 
16 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


57 
57 
21 
21 
61 
61 
79 
79 
09 
09 
19 
23 
33 
35 
42 
44 
44 
48 


£  AD 


000 
074 
109 
142 
202 

273 
340 
470 


0,rnl/l 


72 
72 
58 
58 
34 
34 
78 
78 
18 
18 
76 
59 
23 
23 
22 
16 
12 
94 


48066 
48139 
48082 
48029 
48013 

48102 
48171 
48198 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP20 

06 

06 

1959 

01 

60         33    H 

148         29    W 

0^*62 

04 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  f 

WET  t 

TYPE 

AMI. 

DIR 

AMT 

DIR 

AMT, 

COL 

TRANS 

14 

09 

06 

21    7  1    20    6 

90 

03 

7 

14 

1 

00 

0 

7 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    iM) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0071 
0075 
0095 
0100 
0142 
0150 
0186 
0200 
0229 
0235 
0250 
0280 
0300 
0328 
0377 
0400 
0426 


T  °C 


12 

12 
06 
06 

05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


66 
66 
85 
85 
89 
89 
30 
30 
86 
86 
50 
58 
85 
82 
64 
62 
51 
46 
30 
26 
20 
11 
09 
08 
09 
09 
10 


s  °/., 


14 
14 
30 
30 
30 
30 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 


23 
23 
26 
26 

99 

99 

28 

28 

71 

71 

02 

05 

17 

18 

27 

28 

38 

48 

58 

58 

63 

70 

71 

65* 

73 

74 

74 


10 
10 
23 
23 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
26 
25 
25 
25 
25 
25 
25 
25 
25 
25 


48 

48 

74 

74 

43 

43 

72 

72 

11 

11 

28 

30 

36 

37 

46 

47 

57 

65 

75 

75 

80 

86 

87 

831 

89 

90 

90 


1  ^D 


0    000 

0  106 
0  144 
0  178 
0  239 

0  308 
0  375 
0  504 
0  626 

0  741 

0  851 

1  066 


O.inl/I 


25 
25 
27 

27 
30 
30 
59 
59 
12 
12 
27 
19 
88 
86 
87 
85 
74 
22 
87 
92 
76 
58 
62 
64 
57 
55 
55 


48279 
48200 
48109 
48047 
48017 

48143 

48196 
46203 
48219 

48220 
48238 

48298 


APPENDrX  II 


SURFACE   OBSERVATIONS 

NODC 
REF 
NO. 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO, 

DAY 

VEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP22 

06 

05 

1959 

19 

60         32    N 

148          34    W 

0298 

03 

WIND 

ANEMO. 
HOT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  t 

WET  t 

TYPE 

AMT, 

DIR 

AMT 

DIR 

AMT, 

COL 

TRANS, 

01       05 

09 

06 

15    6 

14    4 

89 

03 

1 

6 

05 

2 

7 

30' 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 

) 
OBS 

) 
OBS 

) 

OBS 
OBS 

) 

OBS 
OBS 

) 
OBS 

) 

OBS 
OBS 

) 

OBS 
OBS 

) 
OBS 

) 

OBS 
OBS 


SU3SURFACE   OBSERVATIONS 


SAMPLE 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0046 
0050 
0050 
0068 
0075 
0091 
0100 
0115 
0139 
0150 
0164 
0186 
0200 
0235 
0250 
0284 
0294 


T  °C 


09 
09 
06 
06 
05 
05 
05 
05 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


93 
93 
71 
71 
96 
96 
17 
17 
85 
76 
76 
25 
50 
86 
85 
81 
70 
65 
59 
52 
52 
42 
25 
08 
09 


09 
09 
30 
30 
30 
30 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 


s  •/.. 

i 


60 

60 

32 

32 

97 

97 

22 

22 

59 

59 

59 

52* 

04 

19 

19 

20 

26 

29 

32 

37 

40 

51 

60 

70 

70 


07 
07 
23 
23 
24 
24 
24 
24 
26 
25 
25 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


26 

26 

80 

80 

40 

40 

69 

69 

02 

02 

02 

92*1 

30 

37 

38 

39 

45 

48 

51 

56 

58 

68 

77 

87 

87 


1  AD 


000 
121 
160 
194 


0  256 


326 
392 


0  521 


645 
762 


0,ml/l 

i 


63 
63 
20 
20 
02 
02 
50 
50 
59 
27 
27 
49 
25 
90 
89 
88 
72 
71 
68 
60 
54 
24 
92 
53 
50 


47761 
48184 
48117 
48027 

47998 

48132 
48200 

48207 

48224 
48225 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX, 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP23 

06 

05 

1959 

21 

60         32    N 

148         34    W 

0457 

04 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID 

ITY 

CLOUD 

SEA 

SWELL 

VIS, 

WATER 

SPEED        DIR 

DRY  y 

WET  t 

TYPE 

AMT. 

DIR 

AMT, 

DIR, 

AMT. 

COL 

TRANS, 

01       05 

09 

06 

16    7 

15    0 

84 

03 

1 

8 

02 

2 

7 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
3 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (Ml 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0069 
0075 
0093 
0100 
0117 
0140 
0150 
0164 
0189 
0200 
0236 
0250 
0283 
0300 
0379 
0400 
0434 


T  °C 


09 
09 
06 
06 
05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


64 
64 
67 
67 
64 
64 
17 
17 
88 
88 
37 
55 
87 
86 
80 
66 
61 
56 
52 
51 
46 
33 
10 
10 
10 
10 
10 


s  •/.. 


11 
11 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
33 
32 
32 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 


68 
68 

40 

40 

05 

05 

22 

22 

69 

69 

94 

94 

94 

04 

16* 

42 

39 

18* 

37 

40 

52 

58 

70 

71 

73 

73 

74 


08 
08 
23 
23 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
26 
25 
25 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 


91 

91 

87 

87 

50 

50 

69 

69 

09 

09 

23 

21 

18 

26 

15*] 

58 

56 

61* 

56 

58 

68 

74 

87 

87 

89 

89 

90 


z  no 


000 
113 
150 
184 
245 

316 
385 

614 

636 
754 
865 

081 


0,ml/l 


89 

89 
31 
31 
16 
16 
69 
69 
00 
00 
37 
22 
93 
92 
90 
92 
84 
74 
59 
55 
28 
02 
58 
59 
61 
57 
48 


47807 
48182 
48078 
48027 
48019 

48135 
48195 

48206 

48222 
48235 
48239 
48299 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

OATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

"OUR 

LATITUDE 

LONGITUDE 

00520 

BP24 

06 

05 

1959 

23 

60         31    N 

148          33    M 

0461 

04 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED       DIR 

DRY  t 

WET  t 

TYPE 

AMT. 

DIR 

AMT 

DIR 

AMT 

COL 

TRANS 

00       00 

09 

06 

16    1 

14    4 

84 

03 

7 

00 

0 

00 

0 

7 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
1 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    IM) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0068 
0075 
0092 
0100 
0116 
0141 
0150 
0166 
0189 
0200 
0235 
0250 
0282 
0300 
0380 
0400 
0434 


T  °c 


10 
10 
06 
06 
05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 


78 
78 
69 
69 

77 

77 
23 
23 
89 
89 
43 
60 
85 
83 
77 
58 
57 
56 
56 
53 
40 
28 
09 
09 
09 
0'^ 
09 


s  v.. 


11 
11 
30 
30 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
3  2 
32 


50 
50 
42 
42 
01 
01 
29 
29 
70 
70 
96 
04 
18 
20 
23 
27 
28 
31 
39 
41 
51 
58 
69 
70 
73 
73 
74 


08 
08 
23 
23 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


63 

63 
88 
88 
46 
46 
74 
74 
10 
10 
24 
29 
37 
39 
42 
47 
48 
51 
57 
59 
68 
75 
86 
87 
89 
89 
90 


Z  AD 


0  000 
0  114 
0  152 
0  185 
0  246 

0  316 

0  382 

0  511 

0  634 
0  752 

0  863 

1  080 


0,ml/l 


87 
87 
42 
42 
36 
36 
67 
67 
17 
17 
46 
31 
04 
99 
93 
90 
89 
81 
52 
43 
13 
94 
64 
64 
63 
60 
54 


47944 
48186 
48094 
48038 
48021 

48146 
48198 

48196 

48225 
48228 
48237 
48298 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX. 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP25 

06 

06 

19'59 

00 

60         31    N 

1*8         32    W 

0265 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID. 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  t 

WETy 

TYPE 

AMT. 

DIR 

AMT 

DIR 

AMT 

COL 

TRANS 

18 

09 

06 

15    0 

K    4 

94 

03 

7 

00 

0 

00 

0 

7 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0071 
0075 
0096 
0100 
0142 
0150 
0188 
0200 
0215 


T  °C 


10 
10 
06 
06 
05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 
05 


87 
87 
43 
43 
64 
64 
10 
10 
85 
85 
55 
60 
79 
11 

Oc 

62 
56 

53 
47 


s  v., 


11 
11 

30 
30 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 


69 
69 

43 
43 
10 
10 
35 
35 
72 
72 
04 
06 
17 
18 
?.  / 
29 
38 
41 
45 


08 
08 
23 
23 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


77 
77 
92 
92 
54 
54 
80 
80 
12 
12 
29 
30 
37 
38 
47 
48 
56 
59 
63 


Z  AD 


0  000 
0  113 
0  150 
0  183 
0  243 

0  313 

0  379 

0  507 

0  631 


0,ml/l 


89 

89 
24 
24 
33 
33 
37 
37 
18 
18 
30 
26 
09 
08 
99 
90 
64 
45 
35 


47962 
48152 
48080 
48023 
48016 

48146 
48189 
48203 
48225 


APPENDIX  II 


SURFACE   OBSERVATIONS 

NODC 
REF, 
NO. 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BP30 

06 

05 

1959 

02 

60         28    N 

148      '    40    W 

0198 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

WEATHER 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  f 

WETt 

TYPE 

AMT. 

DIR 

AMT 

1 
DIR          AMT 

COL, 

TRANS 

04       27 

09 

00 

17    2 

15    6 

84 

00 

1 

4 

27 

3 

8 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 


?UBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    iMl 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0069 
0075 
0092 
0100 
0116 
0150 
0150 
0175 


T  °C 


09 
09 
06 
06 
05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


70 
7  0 
54 
54 
70 
70 
07 
07 
83 
83 
45 
6  0 
88 
88 
87 
71 
71 
63 


s  •/.. 


23 
23 
30 
3  0 
30 
30 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 


42 
42 
32 
32 
95 
95 
26 
26 
65 
65 
98 
04 
16 
18 
22 
28 
28 
33 


18 
18 
23 
23 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


02 
02 
82 
82 
42 
42 
73 
73 
07 
07 
26 
29 
35 
36 
40 
46 
46 
51 


0  000 


0  069 


0  107 


0  141 


0  202 


0  272 


0  339 


0  468 


0,ml/l 


68 
68 

20 
20 
00 
00 
93 
93 
09 
09 
15 
06 
82 
71 
57 
59 
59 
38 


48282 


48162 


48082 


48015 


48010 


48146 


48204 


48215 


APPENDIX  II 


SURFACE  OBSERVATIONS 

NODC 
REF. 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX, 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BM02 

05 

19 

1959 

23 

60          34    N 

148          10    W 

0181 

01 

WIND 

ANEMO 
HOT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HLIMID- 
ITf 

l«/EATHER 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRY  f 

WET  t 

TYPE 

AMT. 

DIR. 

AMT 

DIR 

AMT. 

COL 

TRANS. 

00       00 

09 

20 

08    9 

07    8 

86 

60 

4 

8 

36 

1 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    IM. 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0046 
0050 
0050 
0069 
0075 
0092 
0100 
0115 
0138 


T  °C 


07 
07 
06 
06 
05 
05 
04 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 


24 
24 
14 
14 
16 
16 
97 
97 
61 
82 
82 
Z2 
33 
47 
36 
22 
20 


27 
27 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 


s  v.. 


64 

64 

72 

72 

27 

27 

44 

44 

66 

74 

74 

94 

98 

25* 

09 

13 

14 


21 
21 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 


63 

63 

18 

18 

73 

73 

88 

88 

10 

14 

14 

25 

27 

47*1 

35 

40 

41 


Z  AD 


0  000 

0  050 

0  084 

0  116 

0  175 

0  245 

0  312 


0,ml/l 

i 


7   78 
7   78 

7   92 


05 
05 
38 
38 
46 
11 
11 
54 
45 
32 
36 
42 
49 


48139 
48125 
48022 
48009 

48013 

48107 
48130 


APPENDIX  II 


SURFfl.CE  OBSERVATIONS 

NODC 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRErTFD 

MAX 
SAMPLE 

DEPTH 

MO 

DAY 

VEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BMO^ 

05 

20 

1959 

00 

60         33    N 

148          11    W 

0122 

01 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

WEATHER 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPFED        DIR 

DRY  t 

WET  t 

TYPE 

AMT. 

DIR 

AMT 

DIR 

AMT. 

COL. 

TRANS. 

03       32 

09 

20 

09    4 

08    3 

86 

50 

A 

8 

36 

1 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


CBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 


SUBSURFACE   OBSERVATIONS 


SAMPLE 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
00^6 
0050 
0050 
0070 
0075 
0093 
0100 
0117 
01^1 


T  "C 


08 
08 
06 
06 
05 
05 
0^ 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


07 
07 
10 
10 
54 
54 
86 
86 
85 
03 
03 
50 
50 
48 
47 
44 
22 


s  v.. 


24 
24 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 


23 
23 
73 
73 
12 
12 

40 
40 
68 
73 
73 
96 
00 
10 
12 
16 
19 


18 
18 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 


86 

86 
20 
20 
57 
57 
86 
86 
09 
11 
11 
24 
27 
35 
37 
40 
45 


1  AD 


0  000 

0  063 

0  098 

0  131 

0  190 

0  260 

0  327 


0,ml/l 


02 
02 
67 
67 
54 
54 
65 
65 
08 
82 
82 
34 
34 
34 
21 
09 
35 


4B109 
4  812  0 
48067 
47992 

48041 

48131 
48146 
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SURFACE  OBSERVATIONS 

NODC 
REF. 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 

SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BB02 

05 

21 

1959 

19 

60         29    N 

14a         15    w 

0188 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRYf 

WETf 

TYPE 

AMT. 

OIR. 

AMT 

OIR 

AMT. 

COL 

TRANS, 

00       00 

09 

30 

06    7 

06    1 

93 

14 

8 

8 

00 

0 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    IM) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0070 
0075 
0094 
0100 
0118 
0143 
0150 
0177 


T  °C 


07 
07 
06 
06 
05 
05 
05 
05 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


51 
51 
31 
31 
57 
57 
13 
13 
85 
85 
68 
68 
66 
59 
46 
52 
52 
51 


22 
22 

30 
30 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 


s  V, 


24 
24 
42 
42 
14 
14 
37 
37 
72 
72 
04 
06 
13 
14 
16 
26 
28 
30 


17 
17 
23 
23 
2'f 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


38 
38 
93 
93 
58 
58 
81 
81 
12 
12 
28 
29 
35 
37 
40 
47 
49 
50 


0  000 
0  071 
0  108 
0  141 
0  201 

0  270 
0    337 

0    465 


O.ml/I 

i 


82 
62 
61 
61 
38 
38 
79 
79 
00 
00 
12 
12 
13 
15 
22 
38 
19 
62 


47955 
48135 
48072 
48028 
48016 

48157 
48163 

48189 
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SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

ilATlON 

DAiT 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAH 

HOUR 

LATITUDE 

LONGITUDE 

00520 

BB05 

05 

21 

1959 

20 

60         28    H 

148         15    W 

0168 

02 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID. 
ITY 

CLOUD 

SEA 

SWELL 

VIS, 

WATER 

SPEED        DIP 

DRY  f 

WET  t 

TYPE 

AMT. 

DIR. 

AMT, 

DIR- 

AMT. 

COL, 

TP«NS. 

01       05 

09 

31 

08    6 

07    8 

90 

1* 

8 

8 

05 

2 

00 

0 

5 

30 

STD 
C 
STD 


STD 


STD 


STD 


STD 


STD 


STD 


DBS 
) 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (Ml 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0071 
0075 
0096 
0100 
0117 
01^4 
0150 
0164 


07 

07 
06 
06 
05 
05 
04 
04 
04 
04 
05 
05 
05 
05 
05 
05 
05 
05 


46 
46 

34 
34 
05 
05 
93 
93 
90 
90 
75 
71 
56 
53 
46 
52 
52 
51 


s  v.. 


23 
23 
30 
30 
31 
31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 


47 
47 
62 
62 

18 
18 
37 
37 
70 
70 
07 
08 
12 
13 
16 
27 
28 
30 


18 
18 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


34 

34 
08 
08 
67 
67 
83 
83 
10 
10 
29 
31 
36 
37 
40 
48 
49 
50 


1  AD 


0  000 
0  066 
0  102 
0  la# 
0  194 

0  263 
0    330 

0    458 


O.ml/I 


97 
97 
84 
84 
42 
42 
*5 
65 
63 
83 
98 
02 
16 
15 
13 
04 
87 
59 


47999 
48148 
48003 
48001 
48022 

48162 
48155 

48189 
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SURFACE  OBSERVATIONS 

NODC 
REF 
NO. 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX. 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

UTITUDE 

LONGITUDE 

00520 

BB07 

05 

21 

1959 

22 

60         27    N 

148         15    W 

0051 

01 

WIND 

ANEMO. 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID. 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRYf 

WET  y 

TYPE 

AMT. 

DIR. 

AMT 

DIR 

AMT. 

COL 

TRANS 

01       18 

09 

31 

06    9 

06    h 

96 

14 

8 

8 

18 

1 

00 

0 

5 

30 

STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 
) 

OBS 


SAMPLE 
DEPTH    (Ml 


0000 
0000 
0010 
0010 
0014 
0020 
0022 
0030 
0037 
0050 
0055 


SUBSURFACE  OBSERVATIONS 


T  °c 


07 
07 
06 
06 
05 
04 
04 
04 
04 
05 
05 


12 
12 
06 
06 
35 
82 
70 
68 
66 
21 
56 


s  v.. 


19 
19 
30 

30 
30 
31 
31 
31 
31 
31 
31 


81 
81 
62 
62 
97 
23 
30 
43 
56 
85 
97 


15 
15 
24 
24 
24 
24 
24 
24 
25 
25 
25 


52 

52 
11 

11 
47 
73 
BO 
91 
01 
18 
24 


Z  AD 


0  000 
0  079 

0  115 
0  146 
0  205 


O.ml/I 


19 
19 
•« 

§§ 
87 
01 
76 
11 
»4 
48 
07 


47805 


48110 


47974 


47969 


48070 


APRNDOL  n 


SURFACE  OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

HOUR 

LATITUDE                           LONGITUDE 

00520 

BC02 

05 

19 

1959 

21 

60         37    N       148          10    W 

0071 

01 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS 

WATER 

SPEED        DIR 

DRY  t 

WET  t 

TYPE 

AMT. 

DIR 

AMT 

DIR 

AMT, 

COL 

TRANS 

02       36 

09 

20 

08    9 

07    8 

86 

50 

4 

8 

32 

1 

00 

0 

6  130 

STD 
C 

STD 
C 

STD 

STD 


OBS 


OBS 


STD 


OBS 
OBS 
OBS 
) 
OBS 


SUBSURFACE   OBSERVATIONS 


SAMPLE 
DEPTH    iMi 


0000 
0000 
0010 
0010 
0020 
0030 
0030 
00i»0 
0049 
0050 
0059 


T  "r: 


07 
07 
06 
06 
05 
05 
05 
04 
04 
04 
04 


62 
62 
37 


s  v.. 


28 
28 
30 


37  130 


55 
00 
00 
72 
74 
75 
82 


31 
31 
31 

31 
31 
31 


36 
36 
86 
86 

21 
48 
48 

78 
79 
87 


22 

22 
24 
24 
24 
24 
24 


15 
15 
27 
27 
64 
91 
91 


25  18 
25  18 
2i      24 


1  AD 


0,ml/l 


0  000 
0  047 

0  082 
0  113 


0  172 


99 
99 
27 
27 
68 
01 
01 
26 
19 
17 
93 


4821 
481b 

4807 
4801 


48005 
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SURFACE   OBSERVATIONS 

NODC 
REF 
NO 

STATION 

DATE 

POSITION 

SONIC 

DEPTH 

UNCORRECTED 

MAX 
SAMPLE 
DEPTH 

MO 

DAY 

YEAR 

H"UR 

LATITUDE 

LONGITUDE 

00520 

BC04 

05 

19 

1959 

19 

60*      40' N 

148  ■       12'  W 

0139 

01 

WIND 

ANEMO 
HGT 

AIR 
PRESS. 

AIR  TEMPERATURE 

HUMID- 
ITY 

CLOUD 

SEA 

SWELL 

VIS. 

WATER 

SPEED        DIR 

DRY  t 

WET  t 

TYPE 

AMT. 

DIR 

AMT, 

DIR, 

AMT. 

COL 

TRANS. 

01       32 

09 

20 

07    2 

06    1 

86 

50 

4 

B 

32 

1 

00 

0 

6 

30 

STO 


STD 


STD 


STD 


STD 


STD 


STD 


OBS 
) 

OBS 
) 

OBS 
) 

OBS 

OBS 
) 

OBS 

OBS 
) 

OBS 
) 

OBS 


SUBSURFACE  OBSERVATIONS 


SAMPLE 
DEPTH    (M) 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0047 
0050 
0050 
0072 
0075 
0097 
0100 
0122 


T  °C 


07 
07 
06 
06 
05 
05 
05 
05 
06 
04 
04 
04 
04 
04 
04 
04 


64 

64 

31 

31 

79 

79 

26 

26 

38«| 

73 

73 

99 

98 

92 

91 

88 


s  ■/- 


39 
39 
72 
72 
13 
13 
24 
24 
12 
70 
70 
90 
90 
92 
92 
94 


21 
21 
24 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 


39 

39 

16 

16 

55 

65 

69 

69 

47- 

12 

12 

25 

25 

27 

27 

29 


£  AD 


0  000 
0  051 
0  087 
0  120 

0  181 

0  251 
0  319 


0,ml/l 


22 
22 
78 
78 

05 
05 
53 
53 

18 
18 
57 
56 
54 
54 
57 


48180 
48148 
48101 
48040 

47999 

48056 
48062 
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Reprinted  from  PURE  AND  APPLIED  GEOPHYSICS 
Vol.  63,  (Switzerland) 

Note  on  Irving  Michflson, 
'Resolution  of  Tidal  High  Water  Anomaly' 

By  BoKjE  Klilenberg') 


31 


Sunitnarv  -  It  IS  (icmonstratcd  that  the  first  order  approximation  of  the  e<iiiipotcrnials  of  two 
fixed  distant  bodies  fjiven  by  Ik\ing  Michelsun  is  wrong. 

I.  MiCHin.soN  [l]'^)  reconsiders  a  problem  treated  b\-  Thomson  and  Tait  •2\ 
namely  the  disturbance,  through  the  gravitational  field  >>[  a  distant  fixed  b(id\-,  of  a 
fluid  coNcring  a  spherical  fixed  nucleus  disregarding  mutual  forces  Iietween  portions 
of  the  lifjuid.  Let  r  and  6  denote  polar  coordinates  referred  to  the  center  of  the  nucleus 
as  origin,  and  the  line  from  there  to  the  disturbing  body  as  axis,  D  the  distance  be- 
tween the  centers  of  the  two  bodies,  E  and  M  the  massis  of  the  nucleus  and  the  dis- 
turbing body,  and  a  the  radius  of  the  fluid  surface  in  the  absence  ot  the  tlisturbing 
body. 

MicHELSON  disputes  the  first  order  approximation  of  the  equation  of  equi- 
potentials 

-  [/  -   ''   +     ,^^-^-L^-..:. -.    =  const  (1) 

''  \  D'  -  2rD  tos0  +  »•■- 

given  by  Thomson  and  Tait  in  the  vicinity  of  the  nucleus  {r  <^  D) 


«^^^,  cosO, 


where  u{0)  is  defined  by 

r 

Mr  HELSON  substitutes  the  solution 


ail  -L  u) 


Ma' 


cos  9  . 


(2) 
(3) 

(4) 


2  £  /)2 

Howe\er,  (4)  is  disproved  by  inserting  it  in  the  first  order  approximation  of  (1) 

-  U  ^    f  (!-«)+  "^  {1  +  j^  cose)  =--  c<mst  .  (5) 


1)  Professor  of  Physical  Oceanography  at  the  University  of  Goteborx,   Sweden;  at  [>resent 
visiting  Senior  Research  Scientist,  ESSA  Institute  for  Oceanography,  Rockville,  Maryland,  LS.\. 

2)  Numbers  in  brackets  refer  to  References,  page  251. 
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which  is  not  satisfied  by  (4),  whereas  it  is  satisfied  by  (2).  In  order  to  prove  (2)  we 
derive  from  (5) 

W  ---  «i  +  -jTJJi  <-"sO  ,  (6) 

where  Ui  is  the  vahie  of  u  corresponding  to  d  -   ttjZ.  As  the  volume  of  the  Hquid  is  not 
influenced  by  the  disturbing  body  we  have,  in  the  first  order  of  approximation 

/   2  71  a^  14  sinOdd   -  0.  (7) 

This  requires  Wi    ^r  0,  hencr  (2)  is  proved. 

MiCHELSON  arrives  at  his  erroneous  result  by  confusing  the  zero  order  approxi- 
mation and  the  first  order  approximation  of  bUjbr.  The  issue  is  somewhat  obscured 
by  the  uncalled-for  introduction  of  equations  governing  the  hydrostatic  pressure  of 
the  fluid  covering  the  nucleus.  By  combining  (6)  and  (8),  respectively  (6)  and  (9)  in 
Michelson's  paper  we  get  the  first  order  and  the  zero  order  approximations  of  bU jbr 

^^         ^(l-2«)-^^,cose,  (8) 


dU   _    E 
dr  a^ 


(9) 


Mr  hei.son  assumes  these  two  approximations  to  be  identical,  which  they  are 
not.  In  fact,  inserting  the  correct  value  of  u  as  given  by  (2)  in  (8)  we  get  the  true  first 
order  approximation 

di-         E         i.M         „  ,,„, 
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Introduction.  During  May  30-31,  1963,  a 
drogue  was  tracked  by  the  U.  S.  Coast  and 
Geodetic  Survey  ship  Surveyoi  near  50°10'N, 
179°57'W  (135  km  southeast  of  Amchitka  Is- 
land). Water  depth  at  this  site  is  about  6500 
m.  The  drogue  consisted  of  a  weighted  canvas 
sail  with  an  area  of  11  m^  attached  by  10  m  of 
hne  to  a  surface  float  equipped  with  a  radar 
reflector.  Navigational  control  was  by  Loran-C, 
and  fixes  on  the  surface  float  were  by  visual  or 
radar  methods. 

Figure  1  shows  the  drogue  trajectory.  After 
a  decrease  in  wind  speed,  the  path  changed 
from  essentially  linear  to  rotary.  Net  flow  for 
the  linear  portion  is  14  cm/sec,  but  it  is  only 
2  cm/sec  for  the  orbital  path. 

The  orbit.  Figure  2  is  a  hodograph  of  the 
rotary  flow.  Although  some  deviation  is  found 
in  the  eastern  sector,  the  vectors  generally 
progress  clockwise.  The  two  speeds  of  6  and  28 
cm/sec  deviate  considerably  from  the  average 
of  14  cm/sec,  but  this  may  be  the  result  of  an 
erroneous  fix  at  1426  hours.  The  period  of  this 
rotary  motion  cannot  be  determined  exactly,  but 
it  appears  to  be  about  14  hours. 

An  attempt  was  made  to  determine  whether 
the  orbit  resulted  from  the  tide.  Tide  tables 
[U.  S.  Department  of  Commerce,  1963]  show 
a  chiefly  diurnal  tide  in  the  area,  although  on 
May  31  a  low-amplitude  semidiurnal  effect  was 
noted.  Drogues  at  100  m  and  200  m  were  also 
tracked ;  but,  because  of  an  inadequate  sail  area, 
their  paths  were  affected  by  water  flow  above 
them.  These  drogues,  however,  showed  much 
less  rotary  motion  than  the  10-m  drogue, 
which  indicates  that  the  rotary  flow  was  con- 
fined to  the  near-surface  layer.  Because  tidal 
flow  would  exist  below  the  surface  layer,  and 
because  of  the  relative  finearity  of  the  10-m 
path  on  May  30,  it  appears  that  the  observed 
orbit  was  not  tidal. 


The  inertial  period  at  the  latitude  of  the 
drogue  is  15.6  hours;  the  computed  radius  of 
an  inertia  circle,  based  on  the  observed  par- 
ticle speed  at  this  latitude,  is  1.2  km.  These 
values  compare  favorably  with  the  estimated 
period  of  14  hours  and  measiued  radius  of  1.0 
km  and  suggest  that  the  observed  orbit  is  iner- 
tial. 

Discussion.  Observations  of  inertial  rota- 
tion are  rare,  and  the  necessary  conditions  for 
its  existence  are  not  wefl  understood.  Reid 
[1962]  reported  inertial  rotation  (24-hour  pe- 
riod) at  30°06'N,  124°4S'W,  reviewed  previous 
observations  of  inertial  oscillations,  and  sug- 
gested that,  in  the  open  ocean,  inertial  rota- 
tion had  been  observed  only  at  latitudes  where 
the  inertial  and  tidal  periods  are  the  same. 
Subsequent  results,  however,  have  shown  that 
these  oscillations  occur  elsewhere.  Rattray 
[1962]  reported  surface  rotation  of  a  16-hour 
period  in  deep  water  outside  the  Straits  of 
Juan  de  Fuca.  Webster  [1963]  gave  preliminary 
results  of  measurements  by  Richardson  current 
meters  at  two  sites  in  deep  water  off  the  east 
coast  of  the  United  States.  Spectrum  analyses 
of  the  speeds  measured  at  500  m  and  3000  m 
showed  peaks  of  energy  density  at  nearly  in- 
ertial periods  (18.9  and  21.5  hours)  for  the 
latitudes  at  the  two  sites,  39.5°N  and  34°N. 
The  results  of  Ekman  meter  measurements  off 
the  Norwegian  coast,  at  600  m  water  depth, 
were  given  by  Saelen  [1963].  The  data  taken 
July  10-12,  1957,  after  an  atmospheric  low,  in- 
dicated inertial  oscillations  (13.5-hour  period) 
at  10  m  with  little  evidence  of  them  at  25  m. 
The  results  of  Saelen  and  of  Gustafson  and 
Kullenberg  [1936]  suggest  that  inertia  circles 
may  form  after  strong  winds  cease  and  the  wind- 
generated  flow  is  coasting.  This  appears  to  be 
the  mechanism  for  the  orbit  observed  by  the 
Surveyor. 
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Fig.  1.  Ten-meter  drogue  trajectory,  May  30- 
31,  1963.  The  observed  wind  speed  and  direction 
are  shown  by  the  vectors.  None,  one,  two,  three, 
four,  five,  and  six  barbs  on  the  vector  indicate 
speeds  of  approximately  0,  1,  2,  4,  7,  9,  and  12 
m/sec. 
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ABSTRACT 

Twenty-nine  temperature  sections  drawn  from  bathythermograph 
observations  by  Coast  and  Geodetic  Survey  (C&GS)  ships  along  selected 
tracks  in  the  Northeast  Pacific,  1961  through  1965,  are  presented. 
Surface  salinity  and  sigma-t  values  are  shown  for  15  of  the  tracks. 
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INTRODUCTION 

In  April  of  1961  the  USC&GS  Ship  PIONEER  sailed  from  San  Francisco 
to  commence  a  program  in  oceanography  of  unparalleled  size  and  ambition. 
A  significant  portion  of  the  Northeast  Pacific  Ocean,  about  3,000,000 
square  miles,  was  to  be  intensively  sampled,  analyzed,  measured  and 
mapped  so  as  to  develop  a  detailed  knowledge  of  the  vast  volume  of  water: 
its  currents,  temperature  structure,  and  chemical  properties;  con- 
figuration of  the  ocean  floor  and  its  composition;  and  the  geophysics 
of  the  underlying  crust  through  gravity  and  magnetic  field  measurements. 
The  area  chosen  was  that  bounded  by  the  Hawaiian  and  Aleutian  Islands 
between  the  155th  and  180th  meridians. 

On  tracklines  to  and  from  this  area  and  to  other  survey  areas  in 
Alaskan  and  Hawaiian  waters,  bathythermograph  (BT)  drops  were  regularly 
made  by  the  USC&GS  Ships  PATHFINDER,  PIONEER,  and  SURVEYOR.   In  addition, 
surface  water  samples  for  salinity  analysis  were  taken  by  the  PIONEER 
and  SURVEYOR. 

In  the  aggregate,  the  observations  comprise  a  reasonably  continuous 
set  of  data  depicting  the  seasonal  and  annual  changes  in  the  thermal 
properties  of  the  surface  layers  of  the  Northeast  Pacific,  To  a  lesser 
extent,  a  record  of  the  state  and  variability  of  the  surface  salinity 
has  also  been  obtained. 

The  temperature  and  salinity  data  obtained  on  these  lines,  many  of 
which  have  been  repeated,  are  presented  as  vertical  sections.  The  data 
presented  in  this  report  cover  the  period  1961  -  1965.   Future  data 
along  such  lines  will  be  published  in  a  similar  format. 


-  -       F I  ELD  PROCEDURE 

BT  drops  were  made  along  these  lines  at  two  or  four  hour 
intervals  by  Junior  Watch  Officers  or  Ouartermasters.  At  the  time 
of  each  drop,  water  samples  were  obtained  with  a  bucket  or  thermometer 
towing  case  and  a  reference  temperature  recorded.  Prior  to  1965  these 
were  obtained  with  common  mercurial  thermometers.  Accuracy  of  these 
thermometers  has  not  been  determined,  but  is  thought  to  be  about  +  CS^C. 
Commencing  in  1965,  precision  (+  0.05°C)  reference  thermometers  were  used, 
and  the  quality  control  of  recording  the  'bucket'  temperature  stressed. 
Weather  observations  and  other  supporting  oceanograph ic  data  were  also 
recorded. 

When  surface  samples  were  retained  for  salinity  analysis,  they 
were  stored  in  rinsed  citrate  bottles  and  usually  analysed  within  two 
weeks.  Salinity  analysis  in  1961  and  1962  was  by  a  University  of 
Washington-type  salinity  bridge  constructed  by  the  Atlantic  Research 
Corporation.  After  1962,  a  Hytech  Model  621  salinometer  was  used. 

Navigational  control  along  these  tracks  was  by  various  methods. 
Near  the  Hawaiian  and  Aleutian  Islands  Loran-C  was  available;  near 
CONUS  Loran-A  was  used.  Over  a  large  portion  of  the  tracks,  control 
was  dependent  on  astronomical  sights  and  dead  reckoning. 


TREATMENT  OF  DATA 

The  BT  slides  were  processed  and  printed  by  the  National  Oceano- 
graphic  Data  Center  (NODC).  A  depth  correction  was  applied  to  each 
slide,  and  most  of  the  data  taken  before  May  1965  were  adjusted  to  an 
averaged  reference  temperature.  Temperature  corrections  were  not 
applied  by  NODC  to  the  data  taken  from  May  1963  through  1964.   The 
temperature  data  suffer  from  the  widely  known  shortcomings  of  bathy- 
thermographs, however,  the  broad  features  of  the  thermal  structure  are 
believed  to  be  correctly  portrayed.  Since  1964,  precision  (+  0.05°C) 
reference  thermometers  have  been  used  for  the  surface  reference  reading 
and  the  slides  have  been  adjusted  to  an  averaged  reference  temperature. 

The  nominal  accuracy  of  the  salinity  analysis  is  +  0.01  °/oo. 
However,  on  these  tracklines  to  and  from  the  primary  project  area, 
the  quality  control  was  not  as  rigid  as  during  a  scheduled  oceanographic 
survey;  accordingly,  errors  due  to  abnormally  long  sample  holding  time, 
improper  rinsing, and  other  factors  are  present  in  some  cases.  Values 
reported  herein  are  probably  accurate  to  +  0.03  "/oo.  Values  of  sigma-t 
are  from  tables  in  Hydrographic  Office  Publication  614  or  615. 

To  facilitate  inter-comparisons  of  the  temperature  sections,  the 
same  vertical  (depth)  and  horizontal  (distance)  scales  were  used  on  all 
sections.  The  site  of  each  bathythermograph  used  is  shown  by  a  vertical 
line  at  the  top  of  each  section;  every  fifth  BT  number  is  shown  for 
orientation.  An  inverted  T  is  used  to  show  the  bottom  of  the  BT 
observations  when  less  than  the  figure  maximum.  The  sections  were 
compared  with  historical  data  and  obvious  errors  eliminated. 


DISCUSSION  OF  DATA 


Figures  I,  2,  3,  4,  5,  and  6  present  the  thermal  structure  of 
the  upper  layer  on  essentially  east-west  lines  extending  from  the 
North  American  coast  at  latitudes  from  35.5°N  to  4I.2°N.   Each 
section  is  comprised  of  quasi-synoptic  data  as  a  maximum  of  6  days 
was  required  to  complete  the  longest  section.   The  surface  salinity 
and  sigma-t  [( density- I .00000) lOOOH  values  along  the  sections  are 
shown  on  all  but  Figure  5. 

Figures  7  through  16  present  similar  data  for  tracks  extending 
from  the  vicinity  of  Oahu  to  the  California  coast  for  the  years  1961 
through  1965,   Two  approximately  simultaneous  sections  developed  by 
the  Ships  PATHFINDER  and  PIONEER  are   shown  in  Figures  8  and  9  for 
February  of  1962,   Annual  changes  may  be  evaluated  by  comparing 
Figures  8,  II,  14,  and  15  which  present  data  for  February  of  1962, 
1965,  1964,  and  1965  respectively.   Comparable  data  for  October  1961, 
1962,  and  1963  are  shown  in  Figures  7,  10,  and  13, 

Figures  17  through  23  present  the  BT  sections  from  the  vicinity 
of  Oahu  to  the  Washington  coast  for  the  years  1963  -  1965,  Winter, 
spring,  and  fall  conditions  for  1963  are  depicted  on  Figures  17,  18, 
and  19,  Figures  17,  20,  and  22  present  February  conditions  along  this 
track  for  the  years  1963,  1964,  and  1965. 

Sections  in  the  Gulf  of  Alaska,  Aleutian  Islands  area,  and  Bering 
Sea  are  shown  in  Figures  24  through  29. 


Zonal  Sections  off  California  Coast 
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ABSTRACT 

Physical  oceanographic  data  obtained  during  February  1966  at  II 
sites  along  39**N  from  I35*'W  eastward  to  the  lOO-fathom  curve  off  the 
California  coast  are  presented.  Variations  in  properties,  geostrophic 
flow  and  volume  transport  from  data  obtained  both  from  Nansen  casts 
and  from  an  In-situ  electronic  sensing  device  (STD)  are  discussed. 


CONTENTS 

PAGE 

Location  Chart  (Figure  I) I 

Introduction  2 

Field  Methods 3 

Treatment  of  Data 4 

Discussion  5 

Personnel  6 

Vertical  Sections  (Figures  2-5)  9 

(5eostrophIc  Flow  (Figure  6) , II 

Volume  Transport  (Figures  7-8)   12 

STD  Temperature,  Salinity-Depth  Curves  (Figures  9  -  18)  .  13 

STD  Time  Series  Data  (Figures  19-22) 16 

Tabulated  Station  Data  18 


o 

in 


o 


1     1     1    1    1     1    1    1    1    1    1    1    1    1     1    1    M    1 

1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 

u                               ■ » : 
10                             .'■■••- 

•      •      •      •      < 

04            05            06           07            08 
1    1    1    1    1    1    1    1    1    1    1    1    M    1    1    1    1    1 

0 

ro 

CM 

1           1           1           1 

1     1     1     I    n 

in 
no 
O 


o 

o 
o 


c 
ro 

o 
o 


0) 


10 

>- 

C\] 

i_ 

(D 

3 

1_ 

XI 

<D 

Ll 

un 

^—     • 

1     c 

Osl     5 

—    O 

x: 

•  in 

01 

C    (D 

0    1- 

—    It) 

+- 

ro   i/i 

>    i- 

l-     D 

0)    o 

I/)   -H 

o 

JD     C 

o  o 

ro 

U 

'— 

o 

•—      *— N 

x:    in 

Cl.  i- 

ro   (D 

1-   -¥- 

cn  Q) 

O    E 

c 

ro  oi 

0  CN 

O   CO 

o    . 

»»- 

O    II 

to    E 

c    O 

O  ^ 

—  -(- 

-H   ro 

ro  H- 

o 

u 

in 

O  — 

CO 

_i  _ 

o 


INTRODUCTION 

During  the  winter  of  1966,  several  research  groups    conducted 
a  quasi-synoptic  program  of  physical  oceanographi c  measurements  over 
much  of  the  North  Pacific  Ocean.   At  the  suggestion  of  Joseph  Re  id  of 
Scripps  Institution  of  Oceanography,  all  agreed  to  include  measurements 
of  the  North  Pacific  Intermediate  Water.  The  Pacific  Oceanographic 
Laboratory  of  the  ESSA  Institute  for  Oceanography,  cooperatively  with 
the  USC&GS  Ship  SURVEYOR,  participated  In  this  investigation  during 
the  period  12  to  15  February  1966. 

Within  the  limits  of  the  available  ship  time,  POL  hoped  to:  a) 
provide  data  on  North  Pacific  Intermediate  Water  from  the  California 
coast  to  a  point  500  miles  offshore  along  the  39th  parallel  (Figure  I); 
b)  compare  data  obtained  by  the  Nansen  technique  with  those  from  a 

continuous  recording  in-situ  instrument  which  senses  salinity,  temper- 

(7) 
ature,  and  depth^'^';  c)  observe  the  short  term  variations  in  the 

thermohaline  structure  by  repeated  STD  casts  at  several  stations;  and 

d)  develop  the  geometry  of  an  anomalous  thermohaline  feature,  should 

one  be  encountered,  through  an  expanded  sampling  program. 


1  -  Scripps  Institution  of  Oceanography,  Seattle  Laboratory  of  the 
Bureau  of  Commercial  Fisheries,  Oregon  State  University,  Pacific 
Oceanographic  Laboratory  of  the  ESSA  Institute  for  Oceanography. 

2  -  This  system  (Hytech  Multi-sampler  Model  9005  STD)  uses  a  platinum 
resistance  thermometer,  an  Induction  sallnometer,  and  a  platinum  re- 
sistance strain  gage.  Temperature  and  salinity  are  continuously  recorded 
In  analog  form  on  an  X1-X2-Y  recorder,  where  the  Y  axis  is  driven  by  the 
depth  unit.  Because  the  sensing  units  are  near  the  bottom  of  the  "fish", 
recordings  were  taken  only  while  lowering. 


FIELD  METHODS 

Nansen  casts  to  reach  1000  meters  were  made  with  teflon  lined 
bottles  placed  at  standard  depths  except  when  modified  as  a  result 
of  the  STD  data.  Two  protected  thermometers  were  used  on  all  bottles 
with  an  additional  unprotected  thermometer  on  most  bottles  below 
200  meters.  Salinity  samples  were  analysed  by  an  inductive  salinometer. 
Oxygen  analysis  was  by  a  modified  Winkler  method  with  potassium  biniodate 
standard.  All  samples  were  analysed  within  a  day  after  drawing. 

The  STD  was  calibrated  with  data  from  simultaneous  Nansen  bottle 
observations  at  the  surface  and  700  meters.  After  Instrument  adjustment, 
results  from  the  above  tests  compared  within  O.OZ^C,  O.OI°/oo,  and  4  meters 
depth.   In  the  pycnocllne,  with  a  lowering  speed  of  about  40  meters/ 
minute,  the  salinity  error  may  be  0.02°/oo  due  to  thermal  lag  in  the 
temperature  compensating  circuit  of  the  salinometer. 

During  STD  lowerings  and  Nansen  casts,  the  SURVEYOR  was  maneuvered 
with  an  auxiliary  propulsion  unit  which  was  quite  successful  in  re- 
ducing wire  angle;  and  as  a  result,  there  was  little  drift  except  at 
station  10.  Navigational  control  was  by  LORAN-A. 

The  normal  routine  when  coming  on  station  was  to  make  an  initial 

STD  observation  to  1200  meters,  followed  immediately  by  a  Nansen  cast, 

which  In  turn  was  followed  by  a  second  STD  lowering.  Overall  time  on 

station  was  typically  150  minutes,  utilized  as  follows: 

First  STD  lowering  -  time  0  to  25  minutes 

STD  retrieval  -  time  25  to  35  minutes 

Nansen  cast  start  -  time  35  minutes 

Nansen  messenger  -  time  75  minutes 

Nansen  cast  aboard  -  time  MO  minutes 

Second  STD  lowering  -  time  115  to  140  minutes 

STD  retrieval  -  time  140  to  150  minutes 


TREATMENT  OF  DATA 

Thermometer  corrections  and  thermometrlc  depths  from  the  Nansen 
casts  were  computed  manually.  Temperature  and  salinity  values  at 
standard  depths  and  at  significant  flexure  points  were  hand  scaled 
from  the  STD  analog  records.  Density,  sound  velocity  and  dynamic 
height  for  both  sets  of  data  were  computed  by  the  National  Oceano- 
graphlc  Data  Center. 

Geostrophic  flow  and  volume  transport  were  computed  on  an  IBM 
1620  computer.  The  vertical  sections  were  drawn  by  plotting  the 
depth  of  each  contour  as  read  from  property-depth  curves  and  the 
STD  analog  record.  The  STD  analog  records  were  traced,  with  slight 
smoothing,  to  eliminate  what  were  considered  to  be  electronic,  ship 
roll,  and  thermal  lag  effects.  The  stations  were  numbered  from  01 
to  II  with  prefixes  of  0  for  the  Nansen  casts  and  A  and  B  for  STD 
casts,  before  (A)  and  after  (B)  the  Nansen  cast. 


DISCUSSION  ^ 

Genera  I 

Temperature  and  salinity  data  from  the  Nansen  casts  and  STO  *A*  group 
casts  are  presented  for  comparison  in  Figures  2  and  3.  Generally  the 
figures  agree,   however  some  differences  are  apparent.   In  the  STD  section, 
a  thermal  inversion  is  present  slightly  below  500  meters  at  stations  02, 
03,  and  04,  This  inversion  is  deeper  than  the  salinity  inversion  (see 
34,0^/00  isohallne)  commonly  found  in  the  North  Pacific  Intermediate  Water. 
Several  thermohallne  inversions  are  present  in  the  upper  400  meters  at 
stations  08  through  10.  The  above  mentioned  features  were  not  "seen"  by 
the  Nansen  cast  technique.  The  sigma-t  sections  (Figure  4)  do  not  reveal 
significant  differences  in  the  data  obtained  by  the  two  methods. 

The  magnitude  of  changes  over  a  Z**  hour  period,  and  the  compatibility 
of  the  Nansen  cast  and  STD  techniques  can  be  studied  by  comparing  the  series 
of  observations  made  at  each  station.  For  this  purpose  the  geopotentlal 
anomaly  (^0)  for  0  over  1,000  dec i bars  is  used  as  it  is  effected  by  both 
temperature  and  salinity.  Table  I  shows  that  with  respect  to  ^D,  the 
differences  between  the  STD  "A"  and  "B"  series,  (Column  I  minus  Column  3), 
and  the  differences  between  the  Nansen  cast  and  STD  "A"  series  data  are 
about  the  same.  The  differences  average  very  close  to  I  dyn  cm  for  any 
combination  of  STD  and  Nansen  casts.  This  fact  indicates  that  the  STD  and 
Nansen  techniques  are  comparable  In  quality  and  can  be  used  interchangeably. 
There  is  a  suggestion  that  measureable  changes  occured  over  2^  hours  at 
stations  6  through  9  where  the  differences  In  STD  "A"  and  "B"  series  were 
consistently  higher  than  average.  A  "standard  error"  (temporal  fluctuations 
and  measurement  error)  for  the  difference  in  ^D   between  two  stations  Is 
of  Interest  in  geostrophic  calculations.   It  is  computed  by  multiplying 
the  standard  deviation  of  the  differences  listed  In  Table  I,  by  Z/TT 
"Standard  errors"  of  ±  1.0  and  1.8  dyn  cm  are  found  for  the  STD  "A"  Nansen 
pairs  and  STD  "A"  and  "B"  pairs  respectively.   This  ImnH-^s  '•"^a'*" 


station  No. 

Z^D  (0/1,000  db)  in 

dyn  m 

Difference  i 

n^D  (dyn  cm) 

(  1) 
STD  "A" 

(2) 
Nansen  cast 

(3) 
STD  "B" 

(  1)  -  (2) 

(1)  -  (3) 

01 

1.412 

1.409 

— 

+  0.3 

— 

02 

1.325 

1.333 

1.333 

-  0.8 

-  0.8 

03 

1.409 

1.404 

+  0.5 

— 

04 

1.383 

1.375 

1.380 

+  0.8 

+  0.3 

05 

1.416 

1.416 

1.421 

0.0 

-  0.5 

06 

1.379 

1.386 

1.393 

-  0.7 

-  1.4 

07 

1.328 

1.344 

1.305 

-  1.6 

+  2.3 

08 

1.322 

1.337 

1.335 

-  1.5 

-  1.3 

09 

i.344 

1.342 

1.331 

+  0.2 

+  1.3 

10 

1.300 

1.301 

1.293 

-  0.1 

+  0.7 

Standard  deviation  from  mean  (dyn  cm) 
"Error"  in  ZiD  between  two  stations 


COL 
(I)  &  (2) 

0.36 
+  i.O 


COL  , 
(  I)  &  (3) 

0.64 
+  1.8 


Table  I  -  Comparison  of  geopotentlal  anomaly  (^D)  obtained 
at  the  same  sites  from  Nansen  cast  and  STD  data. 


anomaly  differences  of  less  than  one  dynamic  centimeter  are  not  re- 
liable for  flow  computations.  Geostrophic  flow  from  both  methods  is 
presented  in  Figure  6. 

Figures  7  and  8  present  the  volume  transport  from  0  to  1,000 
decibars  and  from  0  to  200  decibars.  With  two  minor  exceptions,  trans- 
port of  the  upper  200  meters  is  in  the  same  direction  as  and  about  half 
of  that  above  1,000  meters.  The  two  exceptions,  both  characterized  by 
weak  flow,  are  between  stations  03  and  04,  and  07  and  08.  Here  there 
Is  a  change  in  direction  of  transport,  with  near  surface  flow  to  the 
south  and  deeper  flow  to  the  north. 

The  STD  temperature  and  salinity  records  are  presented  in  Figures 
9-18,  Considerable  "micro"  structure,  not  recorded  by  the  Nansen 
cast  technique,  is  apparent.  The  numerous  deviations  from  'smoothness' 
would  possibly  be  rejected  as  spurious  if  the  data  were  Nansen  casts. 
Comparison  of  the  "A"  and  "B"  records  suggests  the  amount  of  temporal 
change,  although  some  of  the  change  may  be  due  to  ship  drift  during 
the  2  hours  (approximate)  that  elapsed  between  the  observations. 
Several  of  the  sharp  discontinuities  are  not  present  on  both  "A"  and 
"B"  lowerlngs  (or  their  shape  or  magnitude  has  changed)  which  indicates 
transients  of  very  short  duration.  The  station  data  are  presented  In 
the  last  section  of  this  report. 
STD  Time  Series 

At  station  02  a  marked  temperature  minimum  was  found  at  515  meters 
during  the  first  STD  cast  and  at  500  meters  2.4  hours  later.  Subsequently, 
eight  additional  lowerlngs  were  made  from  450  to  600  meters  over  a  period 
of  I.I  hours.  An  expanded  depth  scale,  with  a  depth  precision  of  at  least 
±  2  meters,  was  used  for  these  records.  The  results  are  shown  in  Figure  19, 


8 


Figure  19  shows  that  a  temperature  minimum  was  present  throughout 
the  series.  The  layer  bounded  by  4.86''C  was  chosen  to  represent  this 
temperature  minimum.   Figure  20  shows  that  the  vertical  thickness  of 
this  layer  Increased  during  the  series,  and  the  Isopycnals  were  noted 
to  follow  the  same  trend.  There  was  no  conclusive  Increase  in  minimum 
temperature,  but  the  small  maximum  just  below  this  layer  decreased  0.06**C. 

An  examination  of  the  temperature  and  salinity  records  reveals 
several  smaller  features  which  changed  marl<edly  during  the  l.i  hours 
under  observation.   For  example,  note  the  temperature  and  salinity 
maxima  and  minima  just  below  the  cold  layer  discussed  in  the  proceeding 
paragraph.  The  magnitude  of  these  discontinuities  is  seen  to  diminish 
appreciably  (about  0.08'*C  and  0.03o/oo),   These  transients  seem  some- 
what more  numerous  and  less  persistent  In  the  salinity  data. 

Figures  21  and  22  are  time  plots  of  the  depths  of  specific  features 
and  isopleths  which  were  present  during  all  the  lowerings.   Although  all 
the  changes  shown  may  not  be  temporal  because  of  slight  ship  drift  during 
the  series,  theise  figures  do  suggest  the  existence  of  an  internal  wave 
with  a  period  of  30  minutes  and  a  range  of  about  4  meters,  A  longer 
time  series  would  be  necessary  to  produce  conclusive  results. 
Personnel 

Messrs,  R,  K,  Reed,  N,  P,  Laird  and  J,  L.  Stephens  of  the  POL, 
with  the  very  splendid  cooperation  of  the  USC&GS  Ship  SURVEYOR, 
CAPT  V.  R,  SobieralskI  commanding,  conducted  the  field  measurements. 
Salinity  analysis  was  by  QMS  T,  S,  Mandich,  oxygen  analysis  was  by 
LT  F,  L,  Jeffries  and  ENS  G,  R,  Shaefer,  all  of  the  SURVEYOR.  This 
report  was  prepared  by  the  above  named  POL  personnel  under  the  direction 
of  T.  V.  Ryan, 
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^_ NOTES  ON  STATION  DATA 

The  station  data  are  listed  in  the  new  format  of  NODC  and  are 

generally  self-explanatory.   Some  notes  about  the  headings  and  the 

codes  used  fol low: 

Drift  Indicator  -  The  letter  "D"  appears  if  extensive  drift 
occured  while  on  station. 

Depth  to  bottom  -  The  uncorrected  sounding  in  meters. 

Max.  Depth  of  Samples  -  Depth  of  deepest  sample  rounded  to 
nearest  hundreds  of  meters. 

Wave  Observations  -  Direction  from  which  the  dominant  waves 

are  coming,  in  tens  of  degrees,  and  sea  amount  according 
to  Tab le  2. 

Weather  Code  -  Coded  according  to  Table  3. 

Cloud  Codes  -  Cloud  type  according  to  Table  4  and  cloud  amount 
according  to  Table  5, 

Wind  -  Direction  listed  as  for  waves  and  speed  in  knots. 

Barometer  -  Air  pressure  in  millibars  with  the  hundreds  place(s) 
omi  tted. 

Vis.  Code  -  Visibility  coded  according  to  Table  6. 

Sound  Velocity  -  Computed  In  meters  per  second  to  tenths  according 
to  Wi  I  son's  Formula. 

In  the  depth  field  the  letter  "T"  indicates  that  an  unprotected 

thermometer  gave  a  depth  within  5  meters  of  the  depth  listed. 

The  letter  "Q"  after  data  entries  indicates  the  data  are 
questionable. 

Special  Codes  for  the  STD  listings  are: 

Cast  -  The  letter  "D"  indicates  the  data  were  taken  while  lowering. 

Instr.  -  A  code  for  the  type  of  STD  used.   04  indicates  the 
Hytech  Mu I ti samp ler. 

Cast  Time  -  Time  in  hours  and  tenths  when  the  STD  lowering  started. 

Duration  of  cast  -  The  time,  in  tenths  of  hours,  required  to  lower 
the  sensor. 

Sound  velocity  reported  was  computed,  not  observed. 
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TABLE  2  -  SEA  STATE 
Description   Height  (meters) 


Code 


Ca Im-g lassy 

0 

0 

Ca Im-ripp led 

0-0.1 

1 

Smooth-wave  let 

0.1-0.5 

2 

Slight 

0.5-1.25 

3 

Moderate 

1.25-2.5 

4 

Rough 

2.5-4 

5 

Very   rough 

4-6 

6 

High 

6-9 

7 

Very   high 

9-14 

8 

Phenomena  1 

>I4 

9 

TABLE  3  -  WEATHER  CODE 
Code 

0  Clear  (no  c loud) 

1  Partly  cloudy 

2  Continuous  layer(s)  of  cloud(s) 

3  Sandstorm,  duststorm,  or  blowing  snow 

4  Fog,  thick  dust  or  haze 

5  Drizzle 

6  Rain 

7  Snow,  or  rain  and  snow  mixed 

8  Shower(s) 

9  Thunderstorms 
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TABLE  4  -  CLOUD  TYPE 


TABLE  5  -  CLOUD  AMOUNT 


Code 


Code 


0 

Cirrus 

1 

Ci  rrocumu lus 

2 

Ci  rrostratus 

3 

A Itocumu 1  us 

4 

A  1 tostratus 

5 

Nimbostratus 

6 

Stratocumu 1  us 

7 

Stratus 

8 

Cumu lus 

9 

Cumulonimbus 

X 

Cloud  not  visible 

0 

0 

1 

l/IO  or  less,  but  not  zero 

2 

2/10  -  3/10 

3 

4/10 

4 

5/10 

5 

6/10 

6 

7/10  -  8/10 

7 

9/10  or  more,  but  not  10/10 

8 

10/10 

9 

Sky  obscured  or  not  determined 

TABLE  6  -  VISIBILITY 

Code 

0 

<  50  meters 

1 

50-200  meters 

2 

200-500  meters 

3 

500-1,000  meters 

4 

1-2  km 

5 

2-4  km 

6 

4-10  km 

7 

10-20  km 

8 

20-50  km 

9 

50  km  or  more 
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SHIP 
CODE 


LATITUDE 

1/10 


31    937    SU       3900    N       13A59    W 


LONGITUDE 

1/10 


10' 


DAY    HR.1/10 


122    94    02    12    101     1966    454    001 


13 


SPEED 

OR 
FORCE 


508 


OIIIGINATOR'S 

CRUlsll  STATION 

NUMBER 


BARO- 
METER 
Imb.l 


36 


AIR  TEMP.    "C 


119 


099    8 


DEPTH 

TO 

BOTTOM 

^759 


12 


13 


CLOUD 
CODES 


XI       X    l9 


0001 


T    'c 


SPECIFIC   VOLl 


SAD 
DYN.   M. 

X  lo' 


SOUND 
VELOCITY 


Oj  ml/I 


NO2-N 
uj  -  ol/l 


101 
101 

101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 

101 

101 

101 


STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0100 
0100 
0125 
0125 
0150 
0150 
0200 

T0200 
0250 
0250 
0300 

T0300 
0400 
0400 
0500 

T0500 
0600 

T0600 
0700 
0800 

T0800 
0900 
1000 

TIOOO 
1100 
1200 

T1200 


1170 
1170 
1172 
1172 
1172 
1172 
1172 
1170 
1170 
1166 
1166 
1166 
1166 
0965 
0965 
0942 
0942 
0890 
0890 
0790 
0790 
0706 
0706 
0584 
0584 
0494 
0494 
0447 
0447 
0422 
0395 
0395 
0362 
0335 
0335 
0314 
0300 
0300 


3300 
3300 
3300 
3300 
3301 
3302 
3302 
3299 
3299 
3300 
3300 
3299 
3299 
3321 
3321 
3343 
3343 
3394 
3394 
3394 
3394 
3394 
3394 
3396 
3396 
3400 
3400 
3414 
3414 
3424 
3431 
3431 
3435 
3439 
3439 
3443 
3446 
3446 


2511 
2511 
2511 
2511 
2512 
2513 
2513 
2511 
2511 
2512 
2512 
2511 
2511 
2563 
2563 
2584 
2584 
2633 
2633 
2648 
2648 
2660 
2660 
2677 
2677 
2691 
2691 
2707 
2707 
2718 
2726 
2726 
2733 
2739 
2739 
2744 
2748 
2748 


0028583 

0028641 

0028589 
0028538 

0028768 

0028680 

0028809 

0023869 

0021927 

0017443 

0016040 

0014937 

0013319 

0012033 

0010539 

0009599 
0008854 

0008260 
0007731 

0007266 
0006950 


0000 

0029 

0057 
0086 

0143 

0215 

0287 

0353 

0410 

0508 

0592 

0669 

0811 

0937 

1050 

1151 
1243 

1329 

1409 

1484 
1555 


14939 
14939 
14941 
14941 
14943 
14945 
14945 
14947 
14947 
14950 
14950 
14954 
14954 
14889 
14889 
14887 
14887 
14882 
14882 
14853 
14853 
14828 
14828 
14796 
14796 
14777 
14777 
14776 
14776 
14783 
14789 
14789 
14792 
14798 
14798 
14807 
14818 
14818 


616 
616 
647 
647 
631 
622 
622 
622 
622 
572 
572 
608 
608 
542 
542 
521 
521 
482 
482 
468 
468 
382 
382 
290 
290 
166 
166 
070 
070 
045 
029 
029 
028 
027 
027 
033 
044 
044 
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SHIP 
CODE 


937 


SU 


LATITUDE 
' l/IO 

3900    N 


LONGITUDE 

•1/10 

13315    W 


MO       DAY     HR.1/10 


122    93    02     12    210     1966    454    002 


08 


SPEED 

OR 
EORCf 


S20 


CRUISE 
NO. 


ORIGINATOR'S 

STATION 
NUMBER 


BARO- 
METER 
Imbs) 


39 


AIR    TEMP.    'C 


106 


086    8 


OBS. 
DEPTHS 


S'MPL'S 


«t539       12       08 


OBSERVATIONS 


CLOUD 
CODES 


XI       8   l6 


0002 


SPECIAL 
OBSERVATIONS 


SPECIFIC   VOLUME 


SAD 
DYN.   M. 


SOUND 
VELOCITY 


0  2  ml/I 


210 
210 

210 
213 
213 
213 
213 
213 
213 
217 
217 
217 
217 
217 

217 

217 

217 


STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0030 
0030 
0050 
0050 
0075 
0090 
0100 
0100 
0125 
0125 
0150 
0150 
0200 

T0200 
0250 
0250 
0300 

T0300 
0400 
0400 
0500 
0520 
0600 

T0600 
0700 
0800 

T0800 
0900 
1000 

TIOOO 
1100 
1200 

T1200 


1133 
1133 
1135 
1135 
1134 
1133 
1133 
1130 
1130 
1098 
1016 
0935 
0935 
0881 
0881 
0826 
0826 
0776 
0776 
0721 
0721 
0652 
0652 
0546 
0546 
0492 
0486 
0479 
0479 
0446 
0414 
0414 
0380 
0350 
0350 
0326 
0306 
0306 


3278 
3278 
3278 
3278 
3278 
3278 
3278 
3278 
3278 
3280 
3295 
3311 
3311 
3341 
3341 
3364 
3364 
3390 
3390 
3396 
3396 
3399 
3399 
3404 
3404 
3413 
3415 
3425 
3425 
3431 
3436 
3436 
3440 
3443 
3443 
3446 
3449 
3449 


2501 
2501 
2501 
2501 
2501 
2501 
2501 
2502 
2502 
2509 
2535 
2561 
2561 
2593 
2593 
2619 
2619 
2647 
2647 
2659 
2659 
2671 
2671 
2688 
2688 
2702 
2704 
2713 
2713 
2721 
2728 
2728 
2735 
2741 
2741 
2745 
2749 
2749 


1  0029564 

0029620 

0029624 
0029628 

0029619 

0028978 

0024093 

0021093 

0018618 

0016054 

0014919 

0013841 

0012252 

0011042 

0010100 

0009361 
0008705 

0008097 
0007607 

0007181 
0006798 


0000 

0030 

0059 
0089 

0148 

0221 

0288 

0344 

0394 

0480 

0558 

0630 

0760 

0877 

0982 

1080 
1170 

1254 
1333 

1407 
1476 


14923 
14923 
14926 
14926 
14927 
14928 
14928 
14930 
14930 
14923 
14898 
14872 
14872 
14B60 
14860 
14846 
14846 
14838 
14838 
14826 
14826 
14807 
14807 
14782 
14782 
14777 
14779 
14790 
14790 
14794 
14798 
14798 
14801 
14805 
14805 
14812 
14821 
14821 


622 

622 
630 
630 
630 
629 
629 
611 
611 
579 
542 
510 
510 
448 
448 
431 
431 
355 
355 
307 
307 
242 
242 
137 
137 
073 
063 
031 
031 
025 
023 
023 
027 
034 
034 
044 
058 
058 


24 


SHIP 
CODE 


31    937    SU 


LATITUDE 
' 1/10 

3902    N 


LONGITUDE 

'1/10 

13118    W 


DAY    HR.1/10 


122    91    02    13    088    1966    A54    003 


03 


SPEED 

OR 
FORCE 


S18 


ORIGINATOR'S 


BARO- 
METER 
(mb!) 


AIR  TEMP.   'C 


38 


099 


067    8 


:^444 


12 


03 


WEA- 
THER 
CODE 

XI 


CLOUD 
CODES 


0   II 


SPECIAL 
OBSERVATIONS 


NODC 
STATION 
NUMBER 

0003 


CARD 
TYPE 


SPECIFIC   VOLI 


SAD 
OYN,   M. 

X  lo' 


SOUND 
VELOCITY 


02  ml/I 


SlOj-Si 
1,9  -  oi/1 


088 
088 

088 
088 
088 
088 
088 
088 
088 
088 
088 
088 
088 
088 

088 

088 

088 


STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 

0010 
0010 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0100 
0105 
0125 
0125 
0150 
0150 
0200 

T0200 
0250 
0250 
0300 

T0300 
0400 
0400 
0500 

T0500 
0600 
0600 
0700 
0800 

T0800 
0900 
1000 

TIOOO 
1100 
1200 

T1200 


1150 
1150 
1154 
1154 
1154 
1154 
1154 
1153 
1153 
1176 
1176 
1209 
1216 
0987 
0987 
0876 
0876 
0820 
0820 
0772 
0772 
0690 
0690 
0559 
0559 
0493 
0493 
0455 
0455 
0422 
0393 
0393 
0368 
0345 
0345 
0324 
0305 
0305 


3276 
3276 
3276 
3276 
3276 
3275 
3275 
3276 
3276 
3290 
3290 
3308 
3310 
3309 
3309 
3338 
3338 
3381 
3381 
3394 
3394 
3394 
3394 
3399 
3399 
3408 
3408 
3417 
3417 
3424 
3431 
3431 
3437 
3442 
3442 
3446 
3448 
3448 


2496 
2496 
2496 
2496 
2495 
2495 
2495 
2496 
2496 
2503 
2503 
2510 
2511 
2550 
2550 
2591 
2591 
2633 
2633 
2650 
2650 
2662 
2662 
2683 
2683 
2698 
2698 
2709 
2709 
2718 
2727 
2727 
2734 
2740 
2740 
2745 
2749 
2749 


0030005 

0030096 

0030155 
0030213 

0030165 

0029593 

0028921 

0025106 

0021284 

0017355 

0015782 

0014719 

0012784 

0011426 

0010409 

0009599 
0008831 

0008181 
0007623 

0007158 
0006860 


0000 

0030 

0060 
0090 

0151 

0225 

0299 

0366 

0424 

0521 

0604 

0680 

0817 

0938 

1048 

1148 
1240 

1325 
1404 

1478 
1548 


14929 
14929 
14932 
14932 
14934 
14935 
14935 
14938 
14938 
14952 
14952 
14970 
14973 
14895 
14895 
14862 
14862 
14854 
14854 
14846 
14846 
14822 
14822 
14787 
14787 
14777 
147  77 
14779 
14779 
14783 
14788 
14788 
14795 
14803 
14803 
14811 
14820 
14820 


617 
617 
577 
577 
604 
619 
619 
616 
616 
596 
596 
590 
585 
552 
552 
485 
485 
381 
381 
324 
324 
328 
328 
191 
191 
106 
106 
055 
055 
050 
044 
044 
032 
029 
029 
035 
049 
049 


25 


EFERENCE 

SHIP 
CODE 

LATITUDE 

1/10 

LONGITUDE 

'1/10 

^s 

MARSDEN 

STATION 

TIME 

ORIGINATOR'S 

DEPTH 

MAX. 
DEPTH 

WAVE 

WEA- 
THER 
CODE 

CLOUD 
CODES 

-lODC 

TRY 

ID. 
NO. 

Si 

SQUARE 

(GMTl 

YEAR 

CRUISE 
NO. 

STATION 
NUMBER 

TO 

BOTTOM 

Of 
S'MPL'S 

OBStKVA  MUNS 

STATION 
NUMBER 

3DE 

10' 

r 

MO 

DAY 

HR.1/10 

DIR.      IhGI]  PSR|     sea 

IVPt     AMI 

51 

937 

su 

3901 

N 

1300^    W 

122 

90    02 

13 

155 

1966 

454 

004                 !»398 

11 

03 

1         '^ 

XI 

2    2 

0004 

WATER 

WIND 

BARO- 
METER 
(mbs) 

AIR    TEMP.    *C 

VIS. 
COD 

NO. 

OBS. 

DEPTHS 

SPECIAL 
OBSERVATIONS 

COLOR 
CODE 

TRANS. 

DIR. 

SPEED 

0« 
FORCE 

DRY 
BULB 

WET 
BULB 

03 

S24 

354 

09 

07 

8 

MESSENGR  [cast 
TIME      0,    NO. 
HR    l/IO 

CARD 
TYPE 

DEPTH    (m) 

T     -C 

s  •/.. 

SIGMA-T 

SPECIFIC   VOLUME 

SAD 
DYN.    M. 

X  lo' 

SOUND 
VELOCITY 

02  ml/I 

POi-P 
vg  -  oi/l 

TOTAL-P 
ug  -  ol/I 

N02-N 

ug  -  ol/I 

NO3-N 
pg  -  ol/I 

SIO<-Si 
ug  -  Ql/I 

PH 

s 

C 

C 

STD 

0000 

1096 

3262 

2495 

0030118 

0000 

14908 

155 

OBS 

0000             1096       3262          2'»95                                                    14908 

155 

OBS 

0009             1094       3262          2496                                                    14909       620 

STD 

0010             1094       3262          2496          0030099       0030       14909       620 

STD 

0020             1095       3263          2496          0030091       0060       14911       621 

155 

OBS 

0028             1095       3263          2496                                                    14912       622 

STD 

0030             1095       3263          2496          0030089       0090       14913       622 

155 

OBS 

0046             1094       3263          2496                                                    14915       620 

STD 

0050             1094       3263          2496          0030108       0150       14916       615 

158 

OBS 

0069             1092       3263          2497                                                    14918       3840 

STD 

0075             1035       3270          2512          0028668       0224       14899       577 

158 

OBS 

0097            0907       3297          2554                                                    14859       531 

STD 

0100            0903       3301          2556          0024344       0290       14859       524 

158 

OBS 

0111             0890       3315          2571                                                    14858       496 

STD 

0125             0880       3334          2587          0021597       0348       14859       445 

158 

OBS 

0138            0872       3350          2601                                                    14860       417 

STD 

0150            0867       3365          2613          0019154       0399       14862       436 

158 

OBS 

T0184            0854       3393          2637                                                    14866       467 

STD 

0200            0828       3393          2642          0016562       0488       14859       462 

158 

OBS 

0230            0782       3394          2649                                                   14846       452 

STD 

0250            0753       3395         2654         0015438      0568       14838      402 

158 

OBS 

T0276            0716       3396          2660                                                   14828       345 

STD 

0300             0677       3396          2666          0014373       0642       14817       308 

158 

OBS 

0368            0585       3397         2678                                                 14792       225 

STD 

0400            0552       3398          2683          0012772       0778       14784       209 

158 

OBS 

T0461            0506       3400         2690                                                 14775       168 

STD 

0500            0496       3406          2696          0011610       0900       14778       124 

158 

OBS 

T0553            0480       3412          2702                                                    14781       078 

STD 

0600            0458       3415          2707          0010593       1011       14780       065 

STD 

0700             0417       3421          2716          0009764       1113       14781       043 

158 

OBS 

T0739            0403       3423          2719                                                   14781       037 

STD 

0800            0387       3427         2724         0009059       1207       14785      033 

STD 

0900             0362       3433          2731          0008409       1294       14792       025 

158 

OBS 

T0931             0355       3435          2734                                                   14795       023 

STD 

1000            0339       3439          2738          0007777       1375       14800       025 

STD 

1100            0318       3444         2744          0007238       1450       14808       033 

15 

3 

OB 

s 

T1128 

o: 

112 

3445 

2746 

14811 

037 

26 


SHIP 
CODE 


31 


937 


SU 


LATITUDE 
' V^ 

3900    N 


12900    W 


COLOR    IWNS. 
CODE 


121  99  02  13  226  1966  A54  005 


01 


SPEED 

OR 
FORCE 


S23 


ORIGINATOR'S 


BARO- 
METER 
(mbll 


33 


AIR   TEMP.   "C 


118 


BULB 


089    8 


OBS. 
DEPTHS 


MAX. 
DEPTH 


i»356       12       01 


WEA- 
THER 
CODE 

XI 


CLOUD 
CODES 


8   16 


SPECIAL 
OBSERVATIONS 


NODC 
STATION 
NUMBER 

0005 


TIME 
HR    VIO 


CARD 
TYPE 


s  •/.. 


SAD 

DYN.    M. 

X    lO' 


SOUND 
VELOCITY 


O;  ml/1 


SIOj-Si 
vg  -  ol/l 


226 
226 

226 
226 
226 
226 
226 
226 
226 
226 
226 
226 
226 

226 

226 

226 


STD 

OBS 

STD 
OBS 

STD 

STD 

STD 
OBS 

STD 
DBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0030 
0050 
0050 
0075 
0075 
0100 
0100 
0125 
0125 
0150 
0150 
0200 

T0200 
0250 
0250 
0300 

T0300 
0400 
0400 
0500 

T0500 
0600 
0600 
0700 
0800 

T0800 
0900 
1000 

TIOOO 
1100 
1200 

T1200 


1115 
1115 
1116 
1116 
1115 
1114 
1112 
1112 
1108 
1108 
0950 
0950 
0902 
0902 
0876 
0876 
0823 
0823 
0784 
0784 
0733 
0733 
0621 
0621 
0546 
0546 
0494 
0494 
0455 
0420 
0420 
0393 
0366 
0366 
0340 
0314 
0314 


3261 
3261 
3261 
3261 
3261 
3262 
3262 
3262 
3262 
3262 
3284 
3284 
3310 
3310 
3345 
3345 
3383 
3383 
3394 
3394 
3402 
3402 
3404 
3404 
3412 
3412 
3420 
3420 
3426 
3431 
3431 
3437 
344  2 
3442 
3446 
3448 
3448 


2*91 
2491 
2491 
2491 
2491 
2492 
2492 
2492 
2493 
2493 
2537 
2537 
2565 
2565 
2596 
2596 
2634 
2634 
2649 
2649 
2662 
2662 
2679 
2679 
2695 
2695 
2707 
2707 
2716 
2724 
2724 
2731 
2738 
2738 
2744 
2748 
2748 


0030512 

0030550 

0030532 
0030521 
0030492 

0030476 

0026324 

0023707 

0020766 

0017251 

0015954 

0014717 

0013199 

0011774 

0010652 

0009839 
0009146 

0008471 
0007866 

0007343 
0006964 


0000 

0031 

0061 
0092 

0153 

0229 

0300 

0362 

0418 

0513 

0596 

0673 

0812 

0937 

1049 

1152 
1247 

1335 
1416 

1492 
1564 


14915 
14915 
14917 
14917 
14918 
14919 
14922 
14922 
14925 
14925 
14874 
14874 
14864 
14864 
14863 
14863 
14856 
148  56 
14850 
14850 
14840 
1*840 
14812 
14812 
1*799 
14799 
14796 
14796 
14797 
14800 
148  00 
1*806 
14812 
1*812 
14818 
14824 
1482* 


622 
622 

620 
620 
622 
624 
627 
627 
618 
618 
554 
554 
498 
498 
420 
420 
326 
326 
300 
300 
222 
222 
161 
161 
083 
083 
044 
044 
032 
026 
026 
028 
034 
034 
044 
058 
058 


27 


SHIP 
CODE 


31 


937 


SU 


LATITUDE 
' 1/10 

3858    N 


12802    W 


121 


88 


02 


COLOR      TRANS. 

CODE 


14    0'«9 


01 


SPEED 

OR 
FORCE 


524 


ORIGINATOR'S 
STATION 
NUMBER 


1966    454    006 


BARO- 
METER 
(mbil 


315 


090 


081    7 


12 


01 


WEA- 
THER 
CODE 

XI 


CLOUD 
CODES 


X   l9 


SPECIAL 
OBSERVATION 


NODC 
STATION 
NUMBER 

0006 


CARD 
TYPE 


SOUND 
VELOCITY 


02  ml/I 


PO,- 
V9  -  0 


NO3-N 


SIOj-Si 
yg  -  ol/l 


0  49 
049 


049 
049 
049 
049 
049 
049 
049 
049 
049 
049 
049 

049 

049 

049 


STD 

OBS 
OBS 

STD 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0009 
0010 
0020 
0030 
0047 
0050 
0071 
0075 
0095 

oino 

0118 
0125 
0142 
0150 

T0190 
0200 
0237 
0250 

T0284 
0300 
0379 
0400 

T0474 
0500 
0570 
0600 
0700 

T0763 
0800 
0900 

T0959 
1000 
1100 

T1156 


1072 
1072 
1073 
1073 
1073 
1073 
1073 
1073 
1070 
1039 
0932 
0925 
0905 
0902 
0891 
0879 
0822 
0811 
0766 
0745 
0697 
0681 
0610 
0594 
0542 
0525 
0486 
0477 
0447 
0428 
0416 
0385 
0368 
0357 
0332 
0320 


3263 
3263 
3262 
3262 
3262 
3262 
3262 
3262 
3263 
3268 
3290 
3295 
3311 
3313 
3322 
3337 
3386 
3389 
3395 
3396 
3397 
3399 
3405 
3406 
3409 
3411 
3416 
3418 
3426 
3430 
3432 
3437 
3440 
3442 
344  5 
3447 


2500 
2500 
2499 
2499 
2499 
2499 
2499 
2499 
2501 
2510 
2545 
2550 
2565 
2567 
2576 
2590 
2637 
2641 
2652 
2656 
2663 
2667 
2681 
2684 
2693 
2696 
2705 
2707 
2717 
2722 
2725 
2732 
2736 
2739 
2744 
2747 


0029644 

0029755 
0029775 
0029795 

0029821 

0028881 

0025124 

0023484 

0021404 

0016631 

0015281 

0014227 

0012703 

0011589 

0010595 
0009743 

0009025 
0008377 

0007762 
0007324 


0000 

0030 
0059 
0089 

0149 

0222 

0290 

0351 

0407 

0502 

0581 

0655 

0790 

0911 

1022 
1124 

1218 

1305 

1386 
1461 


14900 
14900 
14901 
14902 
14903 
14905 
14908 
14908 
14911 
14901 
14867 
14866 
14864 
14864 
14864 
14863 
14854 
14852 
14841 
14835 
14822 
14819 
14804 
14802 
14793 
14791 
14787 
14788 
14794 
14797 
14798 
14802 
14806 
14808 
14814 
14819 


626 
626 
632 
632 
631 
630 
627 
626 
622 
607 
547 
535 
503 
501 
488 
468 
382 
367 
317 
305 
270 
245 
151 
139 
100 
086 
056 
048 
030 
023 
024 
027 
029 
033 
045 
054 


28 


SHIP 
CODE 


31    937    SU 


LATITUDE 

' ]no_ 

3900    N 


LONGITUDE 

•1/10 

12700    W 


COLOU 
CODE 


121    97    02    I'tllS    1966    454    007 


36 


S26 


ORIGINATOR'S 

CRUISII  STATION 

NUSABER 


BARO- 
METER 
Imbsl 


30 


089 


078 


:f257 


DBS. 
DEPTHS 


12 


36 


WEA- 
THER 
CODE 

XI 


CLOUD 
CODES 


0   1 


NODC 
STATION 
NUMBER 

0007 


SPECIAL 
OBSERVATIONS 


SPECIFIC  VOLUME 
ANOMALY-XIO' 


SAD 

DVN.   M. 

X    lO' 


SOUND 
VELOCITY 


TOTAL-P   NO3- 
U9  -  "'/I   U9  -  01 


118 
118 

118 

118 

118 
118 

118 
118 

118 

118 

118 

118 

118 

118 

118 

118 


5TD 
CBS 

5TD 
OBS 

STD 

STD 

STD 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0030 
0050 
0050 
0074 
0075 
0099 
0100 
0124 
0125 
0150 
0153 

T0198 
0200 
0248 
0250 

T0297 
0300 
0397 
0400 

T0496 
0500 
0595 
0600 
0700 

T0794 
0800 
0900 

T0993 
1000 
1100 

T1192 


1076 

1076 
1073 
1073 
1073 
1074 
1074 
1074 
1072 
1060 
0864 
0863 
0832 
0831 
0805 
0802 
0770 
0768 
0712 
0709 
0652 
0649 
0570 
0568 
0504 
0502 
0463 
0461 
0430 
0402 
0400 
0372 
0348 
0346 
0323 
0304 


3262 
3262 
3262 
3262 
3262 
3262 
3262 
3262 
3262 
3263 
3290 
3291 
3312 
3313 
3345 
3348 
3382 
3383 
3394 
3394 
3398 
3398 
3406 
3406 
3414 
3414 
3422 
3422 
3429 
3435 
3435 
3440 
3444 
3444 
3447 
3450 


2499 
2499 
2499 

2499 
2499 
2499 
2499 
2499 
2499 
2502 
2555 
2556 
2577 
2578 
2607 
2610 
2641 
2642 
2659 
2659 
2670 
2671 
2687 
2687 
2701 
2702 
2712 
2713 
2721 
2729 
2729 
2736 
2742 
2742 
2746 
2750 


0029784 


0000 


0029755  0030 

0029780  0060 

0029803  0089 

0029852  0149 


0029596  0223 

0024489  0291 

0022432  0350 

0019724  0402 


0016460 

0014888 

0013861 

0012360 

0011065 

0010086 
0009328 

0008593 
0008019 

0007472 

0007058 


0493 

0571 

0643 

0774 

0891 

0997 
1094 

1184 
1267 

1344 
1417 


14901 
14901 
14902 
14902 
14903 
14905 
14908 
14908 
14912 
14908 
14843 
14842 
14837 
14837 
14836 
14835 
14835 
14834 
14822 
14821 
14807 
14806 
14791 
14791 
14782 
14782 
14782 
14782 
14787 
14792 
14792 
14797 
14803 
14804 
14811 
14819 


622 
622 
629 
629 
628 
627 
625 
625 
623 
619 
547 
546 
502 
499 
430 
423 
362 
358 
281 
278 
222 
218 
123 
121 
068 
066 
036 
035 
028 
027 
028 
035 
042 
043 
051 
059 


29 


SHIP 

CODE 


LAIITUDE 

1/10 


1    937    SU       3901    N       12559    W 


LONGITUDE 

■1/10 


DAY     HR.1/10 


COLOR     TRANS. 
CODE 


121   |95   |02   |14    |179   ,1966   |^54|008 


ORIGINATOR'S 


35 


SPEED 

Oft 
FORCE 


S29 


BARO- 
METER 
(mbsl 


290 


AIR    TEMP.   'C 


09<t 


078 


DEPTH 

TO 

BOTTOM 

3937 


12 


35 


WEA- 
THER 
CODE 

XI 


CLOUD 
CODES 


NODC 
STATION 
NUMBER 

0008 


SPECIAL 
OBSERVATION 


MESSENGR 

TIME      I 

HR     1/10 


CARD 
TYPE 


SIGMA 


SAD 

DYN.  M. 

X   10' 


SOUND 
VELOCITY 


02  ml/l 


POi-P 

»g  -  01/1 


TOTAL-P 

p,   -   01/1 


NO2-N 


SlOj-Si 
V9-0I/1 


179 
179 

179 
179 
179 
179 
179 
179 
179 
179 
179 
179 
179 

179 

179 

179 


STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 

ooin 

0020 
0030 
0048 
0050 
0071 
0075 
0091 
0100 
0119 
0125 
0143 
0150 

T0191 
0200 
0239 
0250 

T0287 
0300 
0384 
0400 

T0482 
0500 

T0579 
0600 
0700 

T0773 
0800 
0900 

T0967 
1000 
1100 

T1173 


1170 
1170 
1171 
1171 
1171 
1172 
1172 
1171 
1168 
1168 
1168 
1059 
0908 
0899 
0871 
0858 
0786 
0769 
0710 
0700 
0665 
0649 
0566 
0557 
0515 
0509 
0481 
0472 
0433 
0408 
0400 
0371 
0354 
0346 
0325 
0312 


3288 
3288 
3288 

3288 
3288 
3288 
3288 
3288 
3288 
3288 
3288 
3309 

3357 
3380 
3383 
3396 
3396 
3395 
3397 
3401 
3401 
3402 
3403 
3410 
3412 
3420 
3421 
3428 
3432 
3433 
3437 
3440 
3441 
3445 
3448 


2502 
2502 
2502 
2502 
2502 
2502 
2502 
2502 
2502 
2502 
2502 
2538 

2602 
2625 
2629 
2650 
2652 
2660 
2663 
2671 
2673 
2684 
2686 
2697 
2699 
2708 
2710 
2720 
2726 
2728 
2734 
2738 
2739 
2745 
2748 


0029468 

0029508 

0029535 
0029561 

0029596 

0029599 

0026234 

0020181 

0017682 

0015525 

0014558 

0013646 

0012462 

0011320 

0010313 
0009430 

0008764 
0008215 

0007709 
0007244 


I  0000 

0029 

0059 
0089 

0148 

0222 

0291 

0350 

0397 

0480 

0555 

0626 

0756 

0875 

0983 
1082 

1173 
1258 

1337 
1412 


14938 
14938 
14940 
14940 
14941 
14943 
14946 
14946 
14948 
14949 
14952 
14917 

14869 
14864 
14861 
14842 
14836 
14820 
14818 
14811 
14807 
14787 
14786 
14784 
14784 
14787 
14787 
14788 
14790 
14792 
14797 
14801 
14803 
14B11 
14819 


606 
606 
604 
604 
604 
603 
602 
602 
603 
603 
601 
536 
433 
414 
369 
364 
335 
331 
297 
276 
219 
211 
155 
141 
083 
074 
043 
040 
028 
024 
025 
029 
031 
034 
045 
055 


30 


SHIP 
CODE 


LATITUDE 

1/10 


31    937    SU       3901    N       12459    W 


LONGITUDE 

'1/10 


COLOR    in, 
CODE 


121    94    02    14    238    1966    454    009 


33 


SPEED 

OR 
FORCE 


S26 


ORIGINATOrs 


BARO- 
METER 
(mbsl 


252 


AIR  TEMP.   "C 


11 


10 


3341 


12 


CLOUD 
CODES 


33 


4      XI       6   15 


SPECIAL 
OBSERVATIONS 


NODC 
STATION 
NUMBER 

0009 


CARD 
TYPE 


SAD 

DYN.  M. 

X  lo' 


SOUND 
VELOCITY 


02  ml/I 


TOTAL-P 
«9-ol/l 


NO3-N 
1.9  -  Ol/I 


SlOj-Si 
pj  -01/1 


238 
238 

238 
238 
238 
238 
238 
238 
238 
238 
238 
238 
238 
238 

238 

238 

238 


STD 
DBS 

STD 
DBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
DBS 


0000 
0000 
0010 
0012 
0020 
0030 
0037 
0050 
0052 
0075 
0077 
0100 
0102 
0125 
0127 
0150 
0152 
0200 

T0202 
0250 
0252 
0300 

T0302 
0400 
0402 
0500 

T0502 
0600 
0602 
0700 
0800 

T0802 
0900 
1000 

T1002 
1100 
1200 

T1202 


1116 
1116 
1117 
1117 
1117 
1118 
1118 
1118 
1118 
1126 
1127 
1005 
0999 
0977 
0974 
0933 
0930 
0849 
0846 
0767 
0764 
0695 
0693 
0611 
0610 
0568 
0567 
0527 
0526 
0480 
0442 
0441 
0415 
0389 
0388 
0363 
0338 
0337 


3308 
3308 
3308 
3308 
3308 
3308 
3308 
3309 
3309 
3316 
3318 
3355 
3357 
3377 
3378 
3392 
3393 
3399 
3399 
3399 
3399 
3401 
3401 
3408 
3408 
3418 
3418 
3423 
3423 
3429 
3436 
3436 
3440 
3445 
3445 
3448 
3450 
3450 


2527 
2527 
2527 
2527 
2527 
2527 
2527 
2528 
2528 
2532 
2533 
2583 
2586 
2605 
2606 
2624 
2625 
2643 
2643 
2655 
2655 
2667 
2667 
2683 
2684 
2696 
2697 
2705 
2706 
2716 
2725 
2726 
2732 
2738 
2738 
2743 
2747 
2747 


0027059 

0027094 

0027124 
0027152 

0027134 

0026808 

0021949 

0019922 

0018164 

0016466 

0015340 

0014275 

0012780 

0011620 

0010843 

0009889 
0009045 

0008480 
0007924 

0007466 
0007097 


0000 

0027 

0054 
0081 

0136 

0203 

0264 

0316 

0364 

0451 

0530 

0604 

0739 

0861 

0974 

1077 
1172 

1260 
1342 

1419 
1491 


14921 
14921 
14923 
14923 
14925 
14927 
14928 
14930 
14930 
14938 
14939 
14903 
14902 
14900 
14899 
14890 
14889 
14867 
14867 
14844 
14844 
14825 
14824 
14809 
14809 
14809 
14809 
14810 
14810 
14808 
14810 
14809 
14816 
14822 
14822 
14828 
14834 
14834 


612 
612 
615 
615 
612 
610 
609 
610 
610 
582 
573 
383 
372 
314 
310 
265 
262 
275 
275 
277 
277 
235 
233 
132 
130 
062 
061 
040 
040 
032 
023 
023 
031 
040 
040 
050 
062 
062 


SHIP 
CODE 


31 


937 


SU 


LATITUDE 

' ]no_ 

3856    N 


LONGITUDE 

'1/10 

12<»17    W 


121 


8<t 


02 


COLOR    TH, 
CODE 


HB.l/K 

15    072 


1966 


3<» 


S26 


ORIGINATOR'S 

STATION 
NUMBER 


*5A    010 


BARO- 
METER 
tabs) 


244 


099 


097    8 


DEPTH 

TO 

BOTTOM 

2377 


OBS. 
DEPTHS 


10 


34    I 


XI 


CLOUD 
CODES 


X     19 


NODC 
STATION 
NUMBER 

0010 


I    "c 


s  •/.. 


SAD 


SOUND 
VELOCITY 


03  ml/I 


072 

072 
072 


072 
072 
072 

072 

056 

056 

056 

056 

056 
056 

056 

056 

056 


STD 

OBS 

STD 
OBS 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 

STD 

STD 
OBS 


0000 
0000 
0010 
0010 
0019 
0020 
0030 
0048 
0050 
0071 
0075 
0095 
0100 
0125 
0143 
0150 

T0166 
0200 
0248 
0250 

T0264 
0300 
0329 
0400 

T0409 

T0490 
0500 
0600 

T0652 
0700 
0800 

T0826 
0900 
1000 

T1014 


1052 

1052 
1052 
1052 
1054 
1054 
1056 
1060 
1060 
1062 
1053 
1012 
1005 
0966 
0936 
0923 
0896 
0834 
0795 
0795 
0795 
0737 
0694 
0607 
0598 
0536 
0533 
0501 
0482 
0458 
0417 
0409 
0391 
0378 
0377 


3322 
3322 
3322 
3322 
3322 
3323 
3328 
3338 
3341 
3363 
3364 
3370 
3373 
3385 
3391 
3392 
3395 
3397 
3403 
3403 
3406 
3406 
3405 
3406 
3406 
3409 
3410 
3421 
3426 
3429 
3436 
3437 
3440 
3444 
3444 


2550 
2550 
2550 
2550 
2549 
2550 
2554 
2561 
2563 
2580 
2582 
2594 
2597 
2613 
2623 
2626 
2632 
2644 
2654 
2654 
2656 
2664 
2670 
2682 
2683 
2693 
2695 
2707 
2713 
2718 
2728 
2730 
2734 
2739 
2739 


0024952       0000 
0024973       0025 


0024985 

0024634 

0023788 

0022022 

0020619 
0019155 

0018008 

0016376 

0015416 

0014514 

0012877 


0050 
0075 

0123 

0180 

0234 
0283 

0330 

0416 

0495 

0570 

0707 


0011761  0830 

0010663  0942 

0009652  1044 

0008740  1136 

0008226  1221 

0007859  1301 


14900 
14900 
14902 
14902 
14904 
14904 
14907 
14913 
14914 
14920 
14918 
14907 
14906 
14897 
14890 
14886 
14879 
14862 
14855 
14856 
14858 
14842 
14830 
14807 
14805 
14793 
14794 
14799 
14800 
14799 
14799 
14800 
14805 
14817 
14819 


548 
548 

554 
554 
555 
552 
523 
459 
447 
354 
350 
327 
319 
287 
270 
265 
255 
250 
242 
237 
207 
199 
189 
145 
140 
098 
092 
045 
030 
029 
028 
027 
030 
037 
038 


32 


REFERENCE 

SHIP 
CODE 

LATITUDE 

1/10 

LONGITUDE 

■1/10 

li 

MARSDEN 

STATION 

TIME 

ORIGINATOR'S 

DEPTH 

MAX. 

WAVE 

WEA- 
THER 
CODE 

CLOUD 
CODES 

NODC 

CUY 

CODf 

ID. 
NO. 

YEAR 

CRUISE 
NO. 

STATION 
NUMBER 

TO 

BOTTOM 

OF 
S'MPL'S 

STATION 
NUMBER 

lO' 

r 

MO 

DAY 

HR.1/10 

DlR.      ]hgt|  PEr|    sea 

lYPl     AMI 

31 

937 

su 

'. 

859 

N 

12356    W 

121 

83    02 

15 

093 

1966 

454 

Oil                 3187 

01 

34 

1 

1         P 

X    9 

0011 

WATER 

WIND 

BARO- 
METER 
Imbsl 

AIR   TEMP.    'C 

VIS. 
COD 

NO. 

OBS. 

DEPTHS 

SPECIAL 
OBSERVATIONS 

COLOR 
CODE 

TRANS. 

DIR. 

SPEtO 

0« 
FORCE 

DRY 
BULB 

WEI 

BULB 

34 

S25 

24 

094 

081 

8 

MiSStNGR 
T1M£       0 

HR     1/10 

CAST 
NO. 

CARD 
TYPE 

DEPTH    (ml 

I    'c 

s  •/.. 

SIGMA-T 

SPECIFIC   VOLUME 
ANOMALY-XIO' 

SAD 

DYN.    M. 
X    10= 

SOUND 
VELOCITY 

0!  ml/1 

PO4-P 
Hi  ■  ol/l 

lOTAL-P 
wa  -  ot/I 

NO2-N 

yg  -  ot/I 

NO3-N 
PO  -  Ot/I 

SIOj-Si 
vg  -  ol/l 

PH 

S 

c 
c 

STD 

0000       1     1015 

3336 

2567 

0023314 

0000 

14888 

491 

093 

DBS 
STD 

0000            1015       3336         2567 
0010            1016       3337         2567 

14888       491 
0023276       0023       14890       496 

093 

OBS 
STD 
STD 

0010             1016       3337         2567 
0020             1014       3339         2569 
0030             1012       3340          2570 

14890       496 
0023153      0047      14892      492 
0023030       0070       14893       488 

093 

OBS 
STD 

0030             1012       3340          2570 
0050            0950       3366          2601 

14893       488 
0020160      0113       14877      357 

093 

OBS 
STD 

0050            0950       3366         2601 
0075            0967       3383         2611 

14877      357 
0019219      0162       14889      290 

093 

OBS 
STD 

0075            0967       3383         2611 
0100            0922       3392         2626 

14889      290 
0017896       0208       14878       264 

093 

OBS 

0100            0922       3392         2626 

14878      264 

093 

OBS 
STD 

0124  0856       3392         2636 

0125  0853       3392         2637 

14857      282 
0016889      0252       14856      282 

09- 

3 

OB. 

5 

0149 

0- 

'84 

3394 

2649 

14834 

275 

33 


313000    SU 


SHIP 
CODE 


LATITUDE 

'l/IO 

3900    N 


lONOITUDE 
'  l/IO 

13459    W 


MJkSSOEN 
SQUARE 


122 


STATION    TIME 
(GMT) 

aMIH  I    D»    IhI    1/ 


ST 


ST 


DD 


9^*    02    12    081     1966    Ubt*    AOl 


13 


SflEO 
01 
FOICi 


SOB 


■llOMMil 

(mb.l 


36 


STATION 
NUMBEI 


119 


099    8 


24 


MAX 
DEPTH 
OF        . 
SAMPLES 


WAVE 

OBSEBVATIONS 

Tii     Ihgi  I  ril  IBU  UI. 


INSTR 
CODE 


4759       12       13 


XI       0    4 


NODC 
STATION 
NUMBER 

~oooT 


CAJT 
NO 


CAIID 

TYPE 


S    ".. 


SIGMA  — T 


SPECIFIC    VOLUME 
ANOMALY  — X  10' 


X  A  D 

DYN   M 

XtO' 


SOUND 
VELOCITY 


AMIIINT    IIOHT 


087 


004 


5TD 

0B5 
OBS 

STD 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 


0000 
0000 
0000 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0100 
0100 
0106 
0114 
0118 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0400 
0400 
0500 
0500 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1193 


1171 
1171 
1171 
1172 
1172 
1172 
1171 
1171 
1171 
1171 
1171 
1171 
1168 
1168 
1050 
0989 
1011 
0984 
0984 
0919 
0919 
0884 
0884 
0783 
0783 
0698 
0698 
0587 
0587 
0501 
0501 
0455 
0455 
0418 
0418 
0395 
0395 
0361 
0361 
0336 
0336 
0316 
0316 
0301 


3301 
3301 
3301 
3301 
3301 
3301 
3301 
3301 
3301 
3301 
3301 
3301 
3300 
3300 
3294 
3316 
3323 
3331 
3331 
3350 
3350 
3394 
3394 
3394 
3394 
3394 
3394 
3396 
3396 
3400 
3400 
3411 
3411 
3420 
3420 
3428 
3428 
3434 
3434 
3438 
3438 
3443 
3443 
3446 


2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2512 
2528 
2556 
2557 
2568 
2568 
2594 
2594 
2633 
2633 
2649 
2649 
2661 
2661 
2677 
2677 
2690 
2690 
2704 
2704 
2715 
2715 
2724 
2724 
2732 
2732 
2738 
2738 
2744 
2744 
2748 


0028527 

0028556 
0028589 

0028594 

0028639 

0028694 

0028770 


0023433 
0021052 
0017351 
0015939 
0014827 
0013357 
0012116 
0010855 
0009849 
0009077 
0008323 
0007817 
0007289 


0000 

0029 
0057 

0086 

0143 

0215 

0286 


0352 
0407 
0503 
0587 
0663 
0804 
0932 
1047 
1150 
1245 
1332 
1412 
1488 


1494C 

14940 

1*940 

14941 

14943 

14943 

14944 

14944 

14948 

14948 

14952 

14952 

14955 

14955 

14913 

14895 

14905 

14897 

14897 

14879 

14879 

14880 

14880 

14850 

14850 

14825 

14825 

14797 

14797 

14779 

14779 

14778 

14778 

14781 

14781 

14789 

14789 

14792 

14792 

14799 

14799 

14807 

14807 

14817 


34 


RErERENCC 

■ 

lONOITUOE 
°     -l/IO 

if 

MARSOEN 

STATION   TIME 

ORIGINATOR'S           I 

DEPTH 

n 

MAX. 

WAVE 

wuma 

(ODE 

INSTR . 
CODE 

NOOC 
STATION 
NUMBER 

(OUNHI 

CODi 

IDEHIITT 

KumEi 

Snir 
CODE 

LATITUDE 

■1/10 

SQUARE 

(GMT) 

YEAR 

CRUISE 
NUMiER 

STATION 
NUMBER 

TO 

»onoM 

DEPTH 

OF 

SAMPLES 

OtSERVATIONS 

10' 

!•      1 

■MTH 

D«T      HI    l/II 

Dll 

HGT    Kl.  SU  «MT 

IIPE     UT. 

31^000 

SU 

3900    N 

13A59    W 

122 

94| 

02 

12 

107 

1966 

454 

BOl 

4759 

05 

13 

1 

XI 

0    4 

0002 

WIND 

<ll  TEV    •( 

VIS 

tOO'L 

sncKi 

u  > 

SnED 

UIOHETEI 

ST 

d;^ 

Oil 

01 
lOKE 

(mbi) 

01)  lULI 

WEI  lULI 

(DOE 

on 

OHEIVillOn 

ST 

DO 

13 

S08 

36 

119 

099 

T 

21 

•ESSnCEII  I  CAST 

CARD 

DEPTH    |m| 

T      "C 

S  7.. 

SIGMA  — T 

SPECIFIC   VOLUME 

IAD 
DYN.  M 

SOUND 

O,    ml/I 

AMIIENT   IIOHI 

MfASUREO 
SOUND    VIIOCITY 

TIW       ^' 
HI.      i/ia 

NO 

TYPE 

ANOMALY  — XI 0' 

xio' 

VELOCITY 

1         ' 

M/sec 

STD 

0000 

1169 

3300 

2512 

0028566 

0000 

14939 

107     '         'OBS 

0000 

1169    '   3300    '     2512     ' 

14939'                                                                           ■                      ' 

STD 

0010 

1169       3300          2512          0028588 

0029       14940 

OBS 

0010 

1169       3300         2512 

14940 

STD 

0020 

1169       3300          2512          0028610 

0057       14942 

OBS 

0020 

1169       3300          2512 

14942 

STD 

0030 

1169       3299          2511          0028706 

0086       14944 

OBS 

0030 

1169       3299          2511 

14944 

STD 

0050 

1168       3299          2511          0028733 

0143        14946 

OBS 

0050 

1168       3299          2511 

14946 

STD 

0075 

1168       3300          2512          0028715 

0215       14951 

OBS 

0075 

1168       3300          2512 

14951 

STD 

0100 

1168       3300          2512          0028770 

0287       14955 

OBS 

0100 

1168       3300          2512 

14955 

OBS 

0112 

1168       3300          2512 

14957 

OBS 

0120 

1104       3296          2520 

14935 

STD 

0125 

1044       3298          2532          0026847 

0356       14914 

OBS 

0125 

1044       3298          2532 

14914 

OBS 

0143 

0930       3331          2577 

14880 

OBS 

01^*8 

0957       3342          2581 

14892 

STD 

0150 

0945       3343          2584          0021975 

0417       14888 

OBS 

0150 

0945       3343          2584 

14888 

OBS 

0178 

0892       3374         2617 

14877 

OBS 

0187 

0909       3383          2621 

14886 

STD 

0200 

0898       3391          2629          0017788 

0517       14885 

OBS 

0200 

0898       3391          2629 

14885 

OBS 

0215 

0869       3395          2637 

14877 

STD 

0250 

0793       3392          2646          0016232 

0602       14853 

OBS 

0250 

0793       3392          2646 

14853 

STD 

0300 

0710       3393          2658          0015066 

0680       14830 

OBS 

0300 

0710       3393          2658 

14830 

STD 

0400 

0562       3396          2680          0013044 

0821       14787 

OBS 

0400 

0562       3396         2680 

14787 

OB 

S 

047 

3 

0500 

3400 

2690 

14775 

35 


318000 


SHIP 
CODE 


SU 


LATITUDE 

•  UIO 

3900    N 


lONOITUDE 

'  i/ie 
13315    W 


MADSDEN 
SQUADE 
10'    I      l'~ 

122    93 


ST 

ST 


DO 


STATION   TIME 

(GMT) 

MOtlTH       DtT     HI    1/ 

02  12  198  1966  ^S^f  lA02 


08 


S20 


ORIGINATOil  S 


uiomiii 


39 


106 


086 


DEPTH 

TO 

BOnOM 


28 


SAMPLES      Oil 


'»539       12       08 


WAVE 
OBSERVATIONS 


HCI    ni    SU  Ul 


INSTR, 
CODE 


XI  0      4 


NOOC 
STATION 
NUMBER 

~000  3 


■;CAST 

•  NO 


CARD 
TYPE 


DEPTH    (m| 


SIGMA  — T 


SPECIFIC    VOLUME 
ANOMALY  — XI 0' 


J  AD 

DYN    M 

XIO' 


SOUND 
VELOCITY 


198 


004 


198 


004 


STD 

OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 
OBS 
OBS 

STD 
OBS 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0089 
0100 
0100 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0380 
0388 
0392 
0400 
0400 
0480 
0500 
0500 
0515 
0567 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1200 
1200 


1130 
1130 
1130 
1130 
1130 
1130 
1130 
1130 
1130 
1130 
1130 
1130 
1128 
0935 
0935 
0866 
0866 
0822 
0822 
0759 
0759 
0683 
0683 
0638 
0638 
0556 
0539 
0552 
0552 
0552 
0520 
0489 
0489 
0480 
0493 
0480 
0480 
0445 
0445 
0412 
0412 
0372 
0372 
0347 
0347 
0321 
0321 
0306 
0306 


3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3277 
3315 
3315 
3350 
3350 
3373 
3373 
3393 
3393 
3397 
3397 
3398 
3398 
3402 
3399 
3405 
3405 
3405 
3410 
3410 
3410 
3410 
3420 
3424 
3424 
3430 
3430 
3435 
3435 
3440 
3440 
3444 
3444 
3447 
3447 
3449 
3449 


2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2501 
2564 
2564 
2602 
2602 
2627 
2627 
2651 
2651 
2665 
2665 
2672 
2672 
2685 
2685 
2688 
2688 
2688 
2696 
2700 
2700 
2701 
2707 
2712 
2712 
2720 
2720 
2728 
2728 
2736 
2736 
2742 
2742 
2746 
2746 
2749 
2749 


0029586  0000 

0029608  0030 

0029629  0059 

0029650  0089 

0029693  0148 

0029746  0222 

0023797  0289 

0020202  0344 

0017893  0392 

0015591  0476 

0014330  0551 

0013733  0621 

0012251  0751 

0011230  0868 

0010186  0975 

0009423  1073 

0008756  1164 

0008005  1248 

0007498  1325 

0007050  1398 

0006798  1467 


14922 
14922 
14924 
14924 
14925 
14925 
14927 
14927 
14930 
14930 
14934 
14934 
14936 
14873 
148  73 
14855 
14855 
14846 
14846 
14832 
14832 
14811 
1*811 
14802 
14802 
14782 
14776 
14783 
14784 
14784 
14785 
14776 
14776 
14775 
14790 
14791 
14791 
14793 
14793 
14797 
14797 
14797 
14797 
14804 
14804 
14810 
14810 
14821 
14821 
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REFERENCE 

ZT 

LONGITUDE 

•  l/IO 

if 

MARSDEN 

STATION    TIME 

ORIGINATORS           1 

DEPTH 

»AAX 

WAVE 

WUIHH 
COOE 

INSTR  . 
CODE 

NODC 

STATION 
NUMBER 

(OUItll 
(ODE 

IDEHTin 

auMEi 

Snif 
CODE 

LATITUDE 

•|/10 

SQUARE 

(GMTI 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOnOM 

DEPTH 

OF 

SAMPLES 

OBSERVATIONS 

Id- 

I- 

HMTH 

DAY      HI    l/IO 

Oil 

HGI    ni    SU  UT 

nn    «Mi 

31f 

000 

SU 

3900    N 

13315    W 

122 

93 

02 

12 

222 

1966 

454 

B02 

4539 

12 

08 

2 

XI 

0    4 

0004 

WIND 



111  TEW    -C 

•  IS 
COOE 

<DD'l 
OIS 

S«(I«L 
OISEIVAIIOHS 

ST 

tfi 

Oil 

IfEED 
01 
lOICE 

lAIOUETEl 
(mbi) 

DIT  lULI 

WEI  tULI 

ST 

DD 

08 

S20 

39 

106 

086 

8 

24 

VESSENGil  ; 
IWE        ' 

HI           1/10 

;CAST 

•  NO 

CARD 
TYPE 

DEPTH   |m| 

T      'C 

s  ■'.. 

SIGMA  — T 

SPECIFIC    VOLUME 
ANOMALY  — XI 0' 

J  A  D 
DYN    M 

xio' 

SOUND 
VELOCITY 

Oj    ml/I 

AMIIENT    IIOMT 

MEASUtEO 

SOUND   VtlOCITY 

M/SIC 

STD 

0000 

1133 

3277 

2500 

0029638 

0000 

14923 

222     '         'OBS 

0000 

1133     ■ 3277     ■     2500 

14923' 

' 

STD 

0010 

1132       3277          2500 

0029642 

0030       14924 

OBS 

0010 

1132       3277          2500 

149  24 

STD 

0020 

1132       3277          2500 

0029663 

0059       14926 

OBS 

0020 

1132       3277          2500 

14926 

STD 

0030 

1131       3277          2501 

0029668 

0089       14927 

OBS 

0030 

1131       3277          2501 

14927 

STD 

0050 

1130       3277          2501 

0029693 

0148        14930 

OBS 

0050 

1130       3277          2501 

14930 

STD 

0075 

1130       3277          2501 

0029746 

0223       14934 

OBS 

0075 

1130       3277          2501 

14934 

STD 

OlOO 

0930       3316          2565 

0023646 

0289       14871 

OBS 

0100 

0930       3316          2565 

14871 

STD 

0125 

0877       3337          2590 

0021330 

0346        14858 

OBS 

0125 

0877       3337          2590 

14858 

STD 

0150 

0830       3368          2621 

0018380 

0395       14848 

OBS 

0150 

0830       3368          2621 

14848 

STD 

0200 

0773       3389          2646 

0016086 

0481       14837 

OBS 

0200 

0773       3369          2646 

14837 

STD 

0250 

0716       3395          2659 

0014924 

0559       14824 

OBS 

0250 

0716       3395          2659 

14824 

STD 

0300 

0642       3398          2671 

0013785 

0631       14803 

OBS 

0300 

0642       3398          2671 

14803 

OBS 

0382 

0539       3399         2685 

14775 

OBS 

0386 

0552       3405          2688 

14782 

STD 

0^00 

0546       3405          2689 

0012178 

0760       14782 

OBS 

0400 

0546       3405          2689 

14782 

STD 

0500 

0479       3411          2702 

0011037 

0877       14772 

OBS 

0500 

0479       3411          2702 

14772 

OBS 

0556 

0^,94       3422          2709 

14789 

STD 

0600 

0479       3425          2713 

0010100 

0982       14790 

OBS 

0600 

0479       3425          2713 

14790 

STD 

0700 

0444       3431          2721 

0009337 

1079       14793 

OBS 

0700 

0^44       3431          2721 

14793 

STD 

0800 

0405       3435          2729 

0008674 

1169       14794 

OBS 

0800 

0405       3435          2729 

14794 

STD 

0900 

0376       3439          2735 

0008125 

1253       14799 

OBS 

0900 

0376       3439          2735 

14799 

STD 

1000 

0351       3442          2740 

0007692 

1333       14805 

OBS 

1000 

0351       3442          2740 

14805 

STD 

1100 

0326       3445         2744 

0007255 

1407       14812 

OBS 

1100 

0326       3445          2744 

14812 

STD 

1200 

0311        3448          2748 

0006929 

1478       14823 

OB 

S 

1200 

0311 

3448 

2748 

14823 
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REFERENCE 

LONGITUDE 

■  1/10 

i| 

MARSDEN 

STATION    TIME 

ORIGINATORS             1 

DEPTH 

MAX 

WAVE 

•EJTHEI 
(ODE 

INSTR 
CODE 

NODC 
STATION 
NUMBER 

(OUNIII 
(00! 

lOEIIIIIY 
NUalEI 

Snir 
CODE 

WTIIUDE 

•i/io 

SQUARE 

IGMTl 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOnOM 

DEPTH 

OF 

SAMPLES 

OBSERVATIONS 

10- 

!• 

aOIITH 

OUT      HI    1/10 

Oil 

HCI    PEI    U>  UI 

ITPE     Ul 

318 

000 

su 

3902    N 

13118    W 

122 

91 

02 

13 

D69 

1966 

454 

A03 

4444 

11 

03 

2 

XI 

0      4 

0005 

WIND 

All  TEMP    ■( 

us 

(OOE 

IDO'I 
OIS 

SfEcm 

OlSEIVillOHS 

ST 

D/^ 

Oil 

VEED 
01 

FOKi 

BAIOMEIEI 

(mb.l 

Dlt  lull 

•TEI  llill 

ST 

DD 

03 

S18 

38 

099 

067 

"8" 

23 

aiSSEIIOEl  ■ 

lltll     ' 

Nl           1/10 

;CASI 

•  NO 

CARD 
TYPE 

DEPTH   |m| 

T       X 

s  ".. 

SIGMA  — T 

SPECIFIC   VOLUME 
ANOMALY  ~X  10' 

X  AD 
DYNM 

xio' 

SOUND 
VELOCITY 

O,    „l/l 

A/.^BI(NT    LIGHT 

MtASulED 
M    StC 

STD 

0000 

1150 

3275 

2496 

0030079 

0000 

14929 

069     '         'OBS 

0000        '     1150     ' 3275     '     2^96      ' 

' 14929'                '                  '                                          '                       ' 

STD 

0010             1151       3275          2496 

0030118 

0030        14931 

OBS 

0010              1151        3275          2496 

14931 

STD 

0020             U51        3275          2496 

0030139 

0060       14933 

006               OBS 

0020             1151       3275          2496 

14933 

STD 

0030              1152        3276          2496 

0030105 

0090        14935 

OBS 

0030             1152       3276          2496 

14935 

STD 

0050             1162       3278          2496 

0030175 

0151        14942 

OBS 

0050             1162       3278          2496 

14942 

STD 

0075             1188       3297          2506 

0029291 

0225        14957 

OBS 

0075             1188       3297          2506 

14957 

STD 

0100             1223       3310          2509 

0029023 

0298       14975 

OBS 

0100             1223       3310          2509 

14975 

OBS 

0105             1172       3299          2510 

14957 

OBS 

0113             1140       3320          2532 

14950 

STD 

0125             0930       3296          2550 

0025172 

0366       14872 

OBS 

0125            0930       3296          2550 

14872 

STD 

0150            0869       3337          2591 

0021254 

0424       14859 

OBS 

0150             0869       3337          2591 

14859 

STD 

0200             0827       3379          2631 

0017606 

0521       14857 

OBS 

0200             0827        3379          2631 

14857 

STD 

0250             0780        3394          2649 

0015696 

0605       14849 

OBS 

0250             0780       3394          2649 

14849 

STD 

0300             0698       3394          2661 

0014827 

0681       14825 

OBS 

0300             0698       3394          2661 

14825 

OBS 

0380             0589       3394          2675 

14795 

STD 

0400             0558       3399          2683 

0012771 

0819       14786 

OBS 

0400             0558       3399          2583 

14786 

STD 

0500             0495       3405          2695 

0011673 

0942       14778 

OBS 

0500             0495        3405          2695 

14778 

STD 

0600             0469        3419          2709 

0010426 

1052       14785 

OBS 

0600             0469       3419          2709 

14785 

STD 

0700             0430        3426          2719 

0009543 

1152       14787 

OBS 

0700             0430       3426          2719 

14787 

STD 

0800             0398       3432          2727 

0008815 

1244       14791 

OBS 

0800             0398       3432          2727 

14791 

STD 

0900             0374       3437          2733 

0008250 

1329       14798 

OBS 

0900             0374       3437          2733 

14798 

STD 

1000             0348        3442          2740 

0007658 

1409       14804 

OBS 

1000            0348       3442          2740 

14804 

0B< 

5 

107t 

) 

0335 

3445 

2744 

14811 

38 


316000 


SHIP 
CODE 


su 


3901    N 


1300i»    W 


MARSDEN 
SQUARE 


122 


STATION    TIME 
IGMT) 


ST 


ST 


DD 


90    02     13    142     1966    454    A04 


03 


S24 


ORIGINATORS 


laoHETil 

(mb.l 


354 


09 


07 


DEPTH 

TO 

ROTTOM 


27 


WAVE 
08SERVATI0NS 


HCI    Pfl    SU  UII. 


4398       12       03 


INSTR. 
CODE 


XI  0     4 


NOOC 

STATION 
NUMBER 

0006 


';CAST 
■  NO 


CARD 
TYPE 


DEPTH    |m) 


SIGMA- 


SPECIFIC    VOLUME 
ANOMALY  — X  tO' 


IAD 

DVN   M 

xio' 


SOUND 
VELOCITr 


142 


004 


STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
DBS 
OBS 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0100 
0100 
0110 
0115 
0125 
0125 
0131 
0140 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0400 
0400 
0500 
0500 
0511 
0530 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1188 


1093 
1093 
1093 
1093 
1093 
1093 
1093 
1093 
1094 
1094 
1094 
1094 
0901 
0901 
0848 
0883 
0872 
0872 
0840 
0869 
0863 
0863 
0839 
0839 
0773 
0773 
0699 
0699 
0569 
0569 
0483 
0483 
0477 
0498 
0467 
0467 
0421 
0421 
0394 
0394 
0365 
0365 
0332 
0332 
0311 
0311 
0298 


3264 
3264 
3264 
3264 
3263 
3263 
3264 
3264 
3264 
3264 
3264 
3264 
3284 
3284 
■1307 
3312 
3329 
3329 
3333 
3354 
3361 
3361 
3394 
3394 
3394 
3394 
3398 
3398 
3400 
3400 
3404 
3404 
3406 
3412 
3417 
3417 
3423 
3423 
3429 
3429 
3435 
3435 
3439 
3439 
3445 
3445 
3447 


2497 
2497 
2497 
2497 
2497 
2497 
2497 
2497 
2497 
2497 
2497 
2497 
2545 
2545 
2571 
2570 
2585 
2585 
2593 
2605 
2611 
2611 
2640 
2640 
2650 
2650 
2664 
2664 
2682 
2682 
2696 
2696 
2698 
2700 
2708 
2708 
2717 
2717 
2725 
2725 
2733 
2733 
2739 
2739 
2746 
2746 
2749 


0029920 

0029940 
0030035 
0029981 
0030039 
0030091 
0025574 


0019386 
0016673 
0015796 
0014544 
0012834 
0011605 

0010551 
0009661 
0008991 
0008295 
0007697 
0007084 


0000 

00  3  0 
0060 
0090 
0150 
0225 
0295 


0021848   0354 


0406 
0496 
0577 
0653 
0790 
0912 

1023 
1124 
1217 
1303 
1383 
1457 


14907 
14907 
14909 
14909 
14910 
14910 
14912 
14912 
14916 
14916 
14920 
14920 
14856 
14856 
14840 
14855 
14855 
14855 
14844 
14859 
14860 
14860 
14863 
14863 
14846 
14846 
14826 
14826 
14791 
14791 
14773 
14773 
14772 
14785 
14784 
14784 
14782 
14782 
14789 
14789 
14794 
14794 
14797 
14797 
14806 
14806 
14815 


39 


REfERENCE 

.... 

LONGITUDE 
l/IO 

ii 

MARSDEN 

STATION    TIME 

ORIGINATORS            1 

DEPTH 

MAX 

WAVE 

WEATHEI 
(OOS 

INSTR 
CODE 

NODC 

STATION 
NUMBER 

(OumiT 
(ODI 

loimin 
Nuaiii 

bnir 
CODE 

LATITUDE 

'  1/10 

SQUARE 

(GMT) 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOnOM 

DEPTH 

Of 

SAMPLES 

OBSERVATIONS 

10' 

r 

MOKTH 

OAT      HI    1/10 

Oil 

HCI     m     UA  JLMI 

ITIS      Ut 

318 

000 

su 

3901    N 

13004    W 

122 

90 

02 

13 

163 

1966 

454 

B04 

4398 

12 

03 

4 

XI 

0      4 

0007 

WIND 

111  TEW    •( 

ST 

[^ 

Oil 

STEED 
0> 
EOICE 

lAIOUEIEI 
Imb.l 

Oil  1911 

WE 

iULI 

VIS 
(DOE 

lOD'l 
OIS 

SIECIil 
OISEIVAIIOHS 

ST 

DD 

03_ 

S24 

354 

09 

07 

T 

30 

KlSSWCEl  I  CAST 

CARD 

DEPTH    (ml 

T       "C 

s  •„ 

SIGMA  — T 

SPECIFIC    VOLUME 

J  AD 
DYN    M 

SOUND 

O,    ml/l 

AMBIENI    llGMT 

MtASueeo 

SOUND    VElOCiTt 

IIME        1 

NO 

TYPE 

ANOMALY  — X  10' 

xio' 

VELOCITY 

2         " 

M   StC 

STD 

oono 

1090 

3264 

2498 

0029870 

0000 

14906 

163      '         'OBS 

0000        '     1090     ' 3264     '     2A98      ' 

14906'                 '                   ■                       ,                      ■                        ' 

STD 

0010              1091        3263          2497 

0029981 

0030        14908 

OBS 

0010             1091        3263          2497 

14908 

STD 

0020              1091        3263          2497 

0030001 

0060        14910      , 

n03               OBS 

0020              1091        3263          2497 

14910 

STD 

0030              1091        3263          2497 

0030022 

0090        14911 

OBS 

0030              1091        3263          2497 

14911 

STD 

0050              1091        3263          2497 

0030063 

0150        14915 

OBS 

0050              1091        3263          2497 

14915 

STD 

0075              1088        3264          2498 

0029989 

0225        14918 

OBS 

0075              1088        3264          2498 

14918 

STD 

0100             0910       3292          2550 

0025117 

0294       14860 

OBS 

OlOn             OPIO        32^2          2550 

14860 

OBS 

0121             0854       3323          2583 

14847 

STD 

0125             0872       3329          2585 

0021848 

0353       14855 

OBS 

0125             0872       3329          2585 

14855 

OBS 

0130             0882       3338          2590 

14861 

STD 

0150             0864       3361          2611 

0019401 

0404       14860 

OBS 

0150             0864       3361          2611 

14860 

STD 

0200             0819       3394          2643 

0016378 

0494        14855 

OBS 

0200             0819        3394          2643 

14855 

STD 

0250             0751        3394          2653 

0015484 

0573        14837 

OBS 

0250             0751        3394          2653 

14837 

STD 

0300            0676       3398          2667 

0014234 

0648        14817 

OBS 

0300             0676       3398          2667 

14817 

STD 

0400             0570        3400          2682 

0012846 

0783        14791 

OBS 

0400             0570        3400          2682 

14791 

OBS 

0450             0507       3399          2689 

14774 

STD 

0500             0504       3406          2695 

0011706 

0906        14781 

085 

0500             0504        3406          2695 

14781 

OBS 

0517             0477        3405          2697 

14773 

OBS 

0555             0472        3412          2703 

14778 

OBS 

0560             0480       3411           2701 

14782 

'      OBS 

0580             0445        3408          2703 

14771 

OBS 

0587             0461        3411           2704 

14779 

STD 

0600             0436        3410          2706 

0010709 

1018       14770 

OBS 

0600             0436        3410          2706 

14770 

OBS 

0678             0430        3420          2714 

14782 

STD 

0700             0416        3421           2716 

0009752 

1120        14780 

OBS 

0700             0416        3421           2716 

14780 

STD 

0800             0391        3429          2725 

0008957 

1214        14787 

OBS 

0800             0391        3429          2725 

14787 

STD 

0900             0358        3434          2733 

0008289 

1300        14791 

OBS 

0900             0358        3434          2733 

14791 

STD 

1000             0335        3440          2740 

0007657 

1380        14798 

OBS 

1000             0335        3440          2740 

14798 

STD 

1100              0317        3444           2744 

0007226 

1454       14808        ^- 

OBS 

1100             0317        3444          2744 

14808 

STD 

1200             0299        3447          2749 

0006865 

1525        14817 

ob; 

5 

120C 

) 

0 

299 

34 

+  7 

2749 

14817 

40 


REFERENCe 

LONGITUDE 

'  1/10 

^1 

MAR50EN 

STATION    TIME 

ORIGINATOR'S            1 

DEPTH 

" 

MAX 

WAVE 

WEATHEt 
(OOE 

INSTR 
CODE 

~\ 

NODC 
STATION 
NUMBER 

cou«m 

CODl 

I0D4TITY 
NUHIEI 

Snir 
CODE 

LATITUDE 

•1/10 

SQUARE 

IGMTI 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOTTOM 

DEPTH 

OF 

SAMPLES 

OBSERVATIONS 

10- 

r 

am* 

OAT      HI    1/10 

Oil 

HCI    FEI    SEA  A«I 

ITPt     AMI 

31£ 

000 

su 

3900    N 

12900    W 

121 

99 

02 

13    213 

1966 

454 

A05 

4356 

12 

01 

3 

XI 

0    4 

0008 

WIND 

>]l  l[«F    •( 

VIS 
COD! 

«D0'1 
OIS 

SFECIll 
OISEIVIEIOHS 

ST 

D/ 

Oil 

01 
fOKE 

ItlOMETEl 
(mbll 

OK  lULI 

W! 

lULI 

ST 

DD 

oT 

S23 

33 

118 

089 

8~ 

22 

aiSSEIIG!)  ; 
IIIM       - 

HI.          1/10 

;CA5T 
■  NO 

CARD 
TYPE 

DEPTH   (m| 

T      -C 

S   *'.. 

SIGMA  — T 

SPECIFIC   VOLUME 
ANOMALY  — XI  0' 

IAD 

DYN    M 

XIO' 

SOUND 
VELOCITY 

O,    ml/l 

AMIIINT    IIGHT 

MtASUBEO 

SOUND   VELOCITY 

M  SIC 

STD 

0000 

1115 

3262 

2492 

0030438 

0000 

14915 

213      '         'OBS 

0000        '     1115     '3262      '     2492       ' 

'14915' 

' 

STD 

0010             1115       3262          2492 

0030459 

0030       14917 

OBS 

OOlO              1115        3262          2492 

14917 

STD 

0020              1113        3262          2492 

0030446 

0061        14917 

004               OBS 

O020             1113        3262          2492 

14917 

STD 

0030             1112       3262          2492 

0030450 

0091        14919 

OBS 

0030             1112        3262          2492 

14919 

STD 

0050             1112       3262          2492 

0030492 

0152       14922 

OBS 

0050             1112       3262          2492 

14922 

STD 

0075             1109       3263          24Q4 

0030419 

0228       14925 

OBS 

0075              1109       3263          2494 

14925 

OBS 

0084             1109        3263          2494 

14927 

STD 

0100             0986       3277          2526 

0027409 

0301       14887 

OBS 

0100             0986       3277          2526 

14887 

STD 

0125            0910       3309         2563 

0023902 

0365        14867 

OBS 

0125            0910       3309          2563 

14867 

STD 

0150             0878       334*          2595 

0020870 

0421       14663 

OBS 

0150             0878        3344          2595 

14863 

STD 

0200            0828       3381          2632 

0017473 

0517       14857 

OBS 

0200            0828       3381          2632 

14857 

STD 

0250             0775       3397          2652 

0015602 

0599       14847 

OBS 

0250            "775       3397          2652 

14847 

STD 

0300             0737       3402          2662 

0014773 

0675       14841 

OBS 

0300             0737       3402          2662 

14841 

STD 

0400             0616       3406          2681 

0012986 

0814       14810 

OBS 

0400             0616       3406          2681 

14810 

STD 

0500            0547       3413          2695 

0011712 

0938       14800 

OBS 

0500             0547       3413          2695 

14800 

STD 

0600             0502        3420          2706 

0010749 

1050       14799 

OBS 

0600             0502        3420          2706 

14799 

STD 

0700             0452        3426          2716 

0009803 

1153       14796 

OBS 

0700             0452        3426          2716 

14796 

STD 

0800             0422        3432          2724 

0009096 

1247       14801 

OBS 

0800             0422        3432          2724 

14801 

STD 

0900             0393        3438          2732 

0008397 

1335       14806 

OBS 

0900             0393       3438          2732 

14806 

STD 

1000             0367       3441           2737 

0007952 

1416       14812 

OBS 

1000             0367       3441          2737 

14812 

STD 

1100             0339       3446          2744 

0007332 

1493       14818 

OBS 

1100             0339        3446          lib,'* 

14818 

STD 

1200             0314       3448          2748 

0006964 

1564       14824 

OB 

5 

120( 

3 

0314 

3448 

2748 

14824 

41 


REFERENCE 

LONGITUDE 
■  l/IO 

ii 

a 

MARSDEN 

STATION    T 

ME 

c 

ORIGINATORS            1 

DEPTH 

MAX 

WAVE 

WUTHEI 
CODE 

INSTR. 
CODE 

NODC 
STATION 
NUMBER 

(OUHIK 
(OOE 

iDiKiin 

NUMIEI 

CODE 

LATITUDE 

■  l/IO 

SQUARE 

(GMT) 

YEAR 

tUISE 

STATION 
NUMBER 

TO 
BOnOM 

OF 
SAMPLES 

OBSERVATIONS 

10' 

r 

MONTH 

DAT      ^ 

1  i/ig 

NUMBER 

Dll 

HCI    FEI    SU  Uil 

THE      Ut 

3ia 

000 

su 

3"?00      N 

12<500    W 

121 

99 

02 

13 

?34 

1966 

454 

B05 

*356 

12 

01 

3 

XI 

0     4 

0009 

WIND 

iaOHEIil 
(mb.) 

m  nu  •( 

VIS 
COO! 

«D0  1 
015 

SFECItl 
OlSEIVlIIOIIt 

ST 

D/. 

Dll 

SFEED 
01 
FOKE 

HIT  lull 

WE 

lULi 

" 

ST 

DO 

01 

S23 

33 

118 

089 

8 

22 

MESSENGfl  ; 
TIME        - 

;CAST 

•  NO 

CARD 
TYPE 

DEPTH    |m) 

T      "C 

s  •.. 

SIGMA  — T 

SPECIFIC    VOLUME 
ANOMALY  — X  10' 

IAD 
DYN.M 

SOUND 
VELOCITY 

O,   ml/l 

AMBIENT    IIGHT 

MEASUBEO 

SOUND    VELOCirr 

M   SEC 

STD 

0000 

1115 

3262 

2492 

0030438 

0000 

1*915 

'232      '         'OBS 
STO 
OBS 
STD 

0000        '     1115     ' 3262     '     2A92      ' 
0010             1115       3262          2A92 
0010             1115       3262          2^92 
0020             1115       3261          2491 

0030459 
0030554 

' 1*915'                                                                           '                       ' 
0030       14917 
1*917 
0061       14918 

003               OPS 
STD 

0020             1115       3261          2491 
0030             1115       3261          2491 

0030575 

14918 
0092       14920 

OBS 

0030              1115        3261           2491 

14920 

STD 

OBS 

STD 
OBS 

0050              111?        3262          249? 
0050             1112       3262          2492 
0075              nil        3262          2493 
0075             nil        3262          2493 

0030492 
0030527 

0153       14922 
14922 

0229       14926 
14926 

OBS 

STD 
OBS 

STD 

0088              1107       3262          2493 
0100             0975       3279          2529 
0100             0975        3279          2529 
0125             0912       3309          2563 

0027086 
0023933 

14926 
0301       14883 

14883 
0365       14867 

OBS 

0125             091?       3309          2563 

14867 

STD 
OBS 
STD 

0150             0879       3342          2594 
0150             0879       3342          2594 
0200             0821        3384          2635 

0021033 
0017148 

0421        14863 

14863 

0516       14855 

OBS 

STD 
OBS 

STD 

0200             0821        3384          2635 
0250            0783       3395          2650 
0250             0783       3395          2650 
0300             0719       3400          2663 

0015865 
0014671 

14855 
0599       14850 

1*850 
0675       14834 

OBS 

STD 
OBS 

STD 
OBS 

0300             0719        3400          2663 
0400             0621        3406          2681 
0400             0621        3406          2681 
0500             0548        3412          2694 
0500             0548       3412          2694 

0013051 
0011799 

14834 

0814       14812 

14812 

0938       14800 
1*800 

STD 

0600             0498        3420          2707 

0010700 

1051       1*797 

OBS 

STD 
OBS 

0600             0498        3420          2707 
0700             0455        3425          2715 
0700             0455       3425          2715 

0009913 

1*797 

1154       1*797 
1*797 

STD 
OBS 

STD 
OBS 

STD 

0800             0426       3431           2723 
0800            0426       3431          2723 
0900             0399        3436          2730 
0900             0399        3436          2730 
1000             0369       3441           2737 

0009217 
0008616 
0007975 

1249        1*802 
14802 

1338       1*808 
1*808 

1421       1*813 

OBS 

STD 
OBS 

STD 

1000             0369       3441          2737 
1100             0340        3446          2744 
1100             0340        3446          2744 
1200             0316        3448          2748 

0007343 
0006987 

1*813 
1498       1*818 

1*818 
1570       1*825 

OB 

5 

120( 

5 

0 

316 

3448 

2748 

1*825 

42 


KEFEBENCE 

LONGITUDE 
■  l/IO 

if 

MARSDEN 

STATION    TIME 

OBIGINATOB  S             1 

DEPTH 

— 

MAX 

WAVE 

tuna 

COO! 

INSTB 
CODE 

NODC 
STATION 
NUMBEB 

(oumii 

tOOf 

lOfniin 

HUIIIEI 

Snir 
CODE 

UTITUDE 

■  ;/io 

SQUABE 

IGMTI 

VEAB 

CBUISE 
NUMBER 

STATION 
NUMBEB 

TO 
BOnOM 

DEPTH 

Of 

SAMPLES 

OBSERVATIONS 

10- 

r 

MONTH 

DAT      HI    I/ID 

Oil 

HCT    PEI    SU  UT 

TTF!      UI 

318 

000 

SU 

3858    N 

12802    W 

121 

88 

02 

14 

D35 

1966 

454 

A06 

12 

01 

4 

XI 

0    4 

0010 

WIND 

lllOWTfl 

111  nut  •( 

VIS 
CODE 

UO'l 
OIS 

VECIIL 
OtStlVlTIONS 

ST 

D/^ 

Oil 

VEiD 
01 
lOK! 

HIT  lull 

WET  lUll 

ST 

DD 

01 

S24 

315 

090 

081 

T 

23 

■iSSiNCtl  ; 

>■        wit 

;C*ST 

•  NO 

CABD 
TYPE 

DEPTH    (ml 

T       -C 

s  ■„ 

SIGMA_T 

SPECIFIC   VOLUME 
ANOMALY  — XT  0' 

I  iD 
DYN    M 

xio' 

SOUND 
VELOCITY 

O,    ml/l 

AMBIENT    LIGHT 

MEASUIED 

SOUND   VEIOCITY 

M/StC 

STD 

0000 

1072 

3262 

2499 

0029718 

0000 

14900 

035     '         'OBS 

0000        '     1072     '3262     '     2499      ' 

1*900'                                                                           '                       ' 

STD 

0010             1072       3262          2499 

0029738 

0030       14901 

OBS 

0010             1072        3262          2499 

14901 

STD 

0020             1072       3263          2500 

0029684 

0059       14903 

003              OBS 

0020             1072       3263          2500 

14903 

STD 

0030             1072       3263          2500 

0029705 

0089       14905 

OBS 

0030             1072       3263          2500 

14905 

STD 

0050             1072       3263          2500 

0029745 

0149       14908 

OBS 

0050             1072       3263          2500 

14908 

STD 

0075             1072       3263          2500 

0029795 

0223       14912 

OBS 

0075             1072       3263          2500 

14912 

STD 

0100             0928        3294          2548 

0025244 

0292       14867 

OBS 

0100             0928        3294          2548 

14867 

STD 

0125             0889       3320          2575 

0022769 

0352       14860 

OBS 

0125             0889       3320          2575 

14860 

STD 

0150             0870       3346          2598 

0020602 

0406       14860 

OBS 

0150             0870        3346          2598 

14860 

STD 

0200             0809       3390          2642 

0016528 

0499       14851 

OBS 

0200             0809       3390          2642 

14851 

STD 

0250             0747       3395          2655 

0015354 

0579       14836 

OBS 

0250             0747       3395          2655 

14836 

STO 

0300             0687       3398          2665 

0014382 

0653       14821 

OBS 

0300            0687       3398          2665 

14821 

STD 

0400             0597       3406          2684 

0012741 

0789       14803 

OBS 

0400             0597        3406          2684 

14803 

OBS 

0483             0542        3410          2693 

14795 

STD 

0500             0542        3414          2697 

0011576 

0910       14798 

OBS 

0500             0542        3414          2697 

14798 

OBS 

0529             0541        3417          2699 

14803 

STO 

0600             0466       3417          2708 

0010539 

1021        14784 

OBS 

0600             0466        3417          2708 

14784 

STD 

0700             0441        3427          2718 

0009598 

1121       14791 

OBS 

0700             0441        3427          2718 

14791 

STD 

0800             0414       3433          2726 

0008927 

1214       14797 

OBS 

0800             0414       3433          2726 

14797 

STD 

0900             0385        3439          2734 

0008229 

1300       14803 

OBS 

0900            0385       3439          2734 

14803 

STD 

1000             0355       3443          2740 

0007664 

1379       14807 

OBS 

1000             0355       3443          2740 

14807 

STD 

1100             0329       3447          2746 

0007142 

1453       14813 

OBS 

1100             0329       3447          2746 

14813 

STD 

1200             0309       3449          2749 

0006832 

1523       14822 

OB. 

B 

120( 

3 

0309 

3449 

2749 

14822 

43 


REFERENCE 

LONGITUDE 
•  l/IO 

ll 

5 

MARSDEN 

STATION    TIME 

ORIGINATORS             1 

DEPTH 

MAX 

V/AVE 

WUTHEI 
(ODE 

INSTR 
CODE 

NODC 

STATION 
NUMBER 

COUNTII 
(ODE 

IDUTITT 
HUMIEI 

Snir 
CODE 

LATITUDE 

'l/IO 

SQUARE 

(GMT) 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOnOM 

DEPTH 

Of 

SAMPLES 

OBSERVATIONS 

10- 

1' 

MONTH 

OAT      HI    1/10 

Oil 

HOT    FEI    SU  UT 

ITFE      UI 

318 

000 

SU 

3858    N 

12802    W 

121 

88 

02 

14 

355 

1966 

454 

806 

12 

01 

4 

XI 

0    4 

0011 

WIND 

111  nitr  •( 

ST 

C^ 

Oil 

VEED 
01 
EOICE 

lAIOMEUI 

(Olblj 

on  lull 

WEI  lull 

VIS 
(ODE 

»E)0'l 
OIS 

S>E(I11 
OISEIV»IIO»S 

ST 

DD 

01 

524 

315 

090 

081 

T" 

21 

MESSENGEt  ; 
HUE 

Nl           1/10 

;CAST 

'  NO 

CARD 
TYPE 

DEPTH    (ml 

T      'C 

s  •/.. 

SIGAAA  — T 

SPECIFIC    VOLUME 
ANOMALY  — X  10' 

IAD 
DYN    M 

xio' 

SOUND 
VELOCITY 

Oj     ml/l 

A/rtBlfNt    UGMT 

MCASUltD 

SOUND    VElOCirt 

M/SIC 

STD 

0000 

1079 

3263 

2499 

0029760 

0000 

14902 

'055     ■         'OBS 

0000        '      1079     ' 3263     '     2A99 

14902'                                                                           '                       ' 

STD 

0010             1081       3263          2499 

0029814 

0030       14905 

OBS 

0010             1081        3263          2499 

14905 

STD 

0020             1081       3263          2499 

0029834 

0060       14906 

003               OBS 

0020             1081       3263          2499 

14906 

STD 

0030             1081       3263          2499 

0029854 

0089       14908 

OBS 

0030             1081       3263          2499 

14908 

STD 

0050             1081        3263          2499 

0029895 

0149        14911 

OBS 

0050              1081        3263          2499 

14911 

STD 

0075             1081       3263          2499 

0029946 

0224       14915 

OBS 

0075              1081        3263          2499 

14915 

STD 

0100             0916       3299          2554 

0024690 

0292       14863 

OBS 

0100             0916       3299          2554 

14863 

STD 

0125             0898       3322          2575 

0022757 

0352       14864 

OBS 

0125             0898       3322          2575 

14864 

STD 

0150             0890       3330          2583 

0022088 

0408       14866 

OBS 

0150             0890       3330          2583 

14866 

STD 

0200             0814       3388          2640 

0016749 

0505       14853 

OBS 

0200             0814       3388          2640 

14853 

STD 

0250             0752       3395          2654 

0015424 

0585       14838 

OBS 

0250             0752       3395          2654 

14838 

STD 

0300             0686       3397          2665 

0014442 

0660       14821 

OBS 

0300             0686       3397          2665 

14821 

STD 

0400             0592        3406          2684 

0012678 

0795       14801 

OBS 

0400             0592        3406          2684 

14801 

STD 

0500             0539       3414          2697 

0011539 

0917       14797 

OBS 

0500             0539       3414          2697 

14797 

STD 

0600             0470       3417          2707 

0010586 

1027       14785 

OBS 

0600             0470       3417          2707 

14785 

STD 

0700             0445       3424         2716 

0009868 

1129       14793 

OBS 

0700             0445        3424          2716 

14793 

STD 

0800            0418       3432          2725 

0009048 

1224       14799 

OBS 

0800             0418       3432          2725 

14799 

STD 

0900             0389       3437          2732 

0008424 

1311        14804 

OBS 

0900             0389       3437          2732 

14804 

STD 

1000             0363        3442          2738 

0007831 

1393       14811 

OBS 

1000             0363        3442          2738 

14811 

STD 

1100             0336        3445          2743 

0007371 

1469       14816 

OBS 

1100             0336       3445          2743 

14816 

STD 

1200             0316       3448          2748 

0006987 

1540       14825 

OB 

5 

120 

3 

0 

316 

3448 

2748 

14825 

44 


318000 


SHIP 
CODE 


SU 


3900    N 


LONGITUDE 
•  l/IO 

12700    W 


MARSDEN 
SQUARE 


121    97 


STATION   TIME 

(GMT| 

MOMTH  I    0*T~HI   1/ 

02  14  105  1966  454 


ST 


ST 


DD 


36 


S26 


ORIGINATORS 


l07 


BAIOUEKI 

(mbil 


30 


089 


078 


4257 


21 


12 


WAVE 
OBSERVATIONS 
SAMPtESj    oil     Ihci  I  ni  Isu  Ul 


36 


XI 


0    4 


NOOC 

STATION 
NUMBER 

0012 


■,CAST 
'  NO 


CARD 
TYPE 


DEPTH    |m| 


SIGMA  — T 


SPECIFIC   VOLUME 
ANOMALY  — XI 0' 


J  AD 

DYN    M 

XIO' 


SOUND 
VELOCITY 


105 


005 


STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0020 
00  30 
0030 
0050 
0050 
0075 
0075 
0100 
0100 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0400 
0400 
0500 
0500 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1200 
1200 


1071 
1071 
1071 
1071 
1071 
1071 
1071 
1071 
1071 
1071 
1071 
1071 
0889 
0889 
0828 
0828 
0807 
0807 
0749 
0749 
0696 
0696 
0636 
0636 
0563 
0563 
0507 
0507 
0463 
0463 
0426 
0426 
0400 
0400 
0370 
0370 
0344 
0344 
0327 
0327 
0301 
0301 


3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3294 
3294 
3322 
3322 
3  361 
3361 
3390 
3390 
3396 
3396 
3399 
3399 
3407 
3407 
3414 
3414 
3422 
3422 
3430 
3430 
3436 
3436 
3441 
3441 
3445 
3445 
3449 
3449 
3450 
3450 


2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2555 
2555 
2586 
2586 
2619 
2619 
2651 
2651 
2663 
2663 
2673 
2673 
2689 
2689 
2701 
2701 
2712 
2712 
2722 
2722 
2730 
2730 
2737 
2737 
2743 
2743 
2748 
2748 
2751 
2751 


0029628 
0029648 
0029668 
0029688 
0029728 
0029779 
0024653 
0021721 
0018566 
0015674 
0014578 
0013632 
0012239 
0011147 
0010132 
0009200 
0008542 
0007908 
0007390 
0006971 
0006666 


0000 
00  3  0 
0059 
0089 
0148 
0223 
0291 
0349 
0399 
0485 
0560 
0631 
0760 
0877 
0984 
1080 
1169 
1251 
1328 
1399 
1468 


14899 
14899 
14901 
14901 
14903 
14903 
14904 
14904 
14907 
14907 
14912 
14912 
14853 
14853 
14837 
14837 
14838 
14838 
14828 
14828 
14816 
14816 
14801 
14801 
14789 
14789 
14784 
14784 
14783 
14783 
14785 
14785 
14792 
14792 
14797 
14797 
14803 
14803 
14813 
14813 
14819 
14819 


45 


318000 


SHIP 
CODE 


SU 


3900    N 


12700    W 


'  MADSOEN 
i  SQUARE 
'        10'     I      !• 

'l21     91 


STATION    TIME 
(GMT| 

MOMIH       Dir      HI    WIO 

02     l'^     125 


ORIGINATOR'S 


1966 


45^ 


B07 


DEPTH 

TO 

BOTTOM 

4257 


WAVE 
OBSERVATIONS 


SAMPLES      Pit 


HCI    ril    iU  Ul 


12 


36 


XI 


NODC 
STATION 
NUMBER 

"0013 


ST 


KiiSWCll  >  CAST 
tl«E        f  NO. 


CARD 
TYPE 


DEPTH    (ml 


DD 


36 


IllOWTII  ' 

(mb.l 


S26 


30 


089 


07R 


22 


SIGMA  — T 


SPECIFIC    VOLUME 
ANOMALY  — X  10' 


SAD 

DYN    M 
XIO' 


SOUND 
VELOCITY 


125 


003 


STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
DBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0068 
0075 
0075 
0100 
0100 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0400 
0400 
0500 
0500 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1200 
1200 


1081 
1081 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1080 
1010 
1010 
0840 
0840 
0814 
0814 
0789 
0789 
0740 
0740 
0677 
0677 
0632 
0632 
0564 
0564 
0497 
0497 
0454 
0454 
0425 
0425 
0400 
0400 
0370 
0370 
0345 
0345 
0327 
0327 
0306 
0306 


3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3263 
3264 
3265 
3265 
3313 
3313 
3334 
3334 
3364 
3364 
3391 
3391 
3397 
3397 
3399 
3399 
3410 
3410 
3415 
3415 
3424 
3424 
3431 
3431 
3436 
3436 
3441 
3441 
3445 
3445 
3449 
3440 
3450 
3450 


2499 
2499 
2499 
2499 
2499 
2499 
2499 
249Q 
2499 
2499 
2500 
2512 
2512 
2577 
2577 
2597 
2597 
2624 
2624 
2653 
2653 
2666 
2666 
2674 
2674 
2691 
2691 
2703 
2703 
2715 
2715 
2723 
2723 
2730 
2730 
2737 
2737 
2743 
2743 
2748 
2748 
2750 
2750 


0029793  0000 

0029797  0030 

0029817  0060 

0029838  0089 

0029878  014O 


0028632 
0022521 
0020620 
0018086 
0015475 
0014250 
0013581 
0012028 
0010953 
0009878 
0009114 
0008542 
0007908 
0007401 
0006971 
0006724 


0222 
0286 
0340 
0389 
0472 
0547 
0616 
0744 
0859 
0963 
1058 
1147 
1229 
1305 
1377 
1446 


14O03 
14903 
14904 
14904 
14906 
14906 
14907 
14O07 
14011 
14911 
14914 
14890 
14RO0 
14837 
14837 
14833 
14833 
14832 
14832 
14825 
14825 
14809 
14809 
14799 
14799 
14790 
14790 
14780 
14780 
14780 
14780 
14735 
14785 
14792 
14792 
14797 
14797 
14803 
14803 
14813 
14813 
14821 
14821 


46 


316000 


SHIP 
CODE 


5U 


LATITUDE 

°  'l/IO 

3901    N 


12559    W 


MARSDEN 
SQUARE 


121    95 


ST 

ST 


DD 


STATION    TIME 

(GMT| 

MONTH       D*T      H»    1/ 

02  14  168  1966  454  AO 


35 


via 

01 

FOICi 


S29 


OHIGINATORS 


lUOUEKI 

imb.) 


290 


094 


078 


DEPTH 

TO 

BOTTOM 


22 


3937       12       35 


WAVE 
OBSERVATIONS 
SAMPLESi     Oil       |M6l|m|iUUIT 


XI  0      4 


NOOC 
STATION 
NUMBER 

0014 


KiSStNOEl  •(;  CAST 


CARD 
TYPE 


DEPTH   iw) 


SPECIFIC    VOLUME 
ANOMALY  — X  10' 


i  AD 

DYN   M 

XIO' 


SOUND 
VELOCITY 


MIIENT   IIGMT 


168 


003 


STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 


0000 
0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0095 
0100 
0100 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0400 
0400 
0500 
0500 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1200 
1200 


1168 
1168 
1168 
1168 
1168 
1168 
1168 
1168 
1168 
1168 
1169 
1169 
1168 
0968 
0968 
0894 
0894 
0868 
0868 
0783 
0783 
0713 
0713 
0648 
0648 
0559 
0559 
0505 
0505 
0468 
0468 
0427 
0427 
0403 
0403 
0375 
0375 
0348 
0348 
0329 
0329 
0309 
0309 


3289 
3289 
3289 
328Q 
3289 
3289 
3280 
3289 
3289 
3289 
3289 
328<3 
3289 
3325 
3325 
3366 
3366 
3386 
3386 
3396 
3396 
3400 
3400 
3400 
3400 
3405 
3405 
3413 
3413 
3422 
3422 
3428 
3428 
3435 
3435 
3439 
3439 
3443 
3443 
3446 
3446 
3449 
3449 


2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2503 
2566 
2566 
2610 
2610 
2630 
2630 
2650 
2650 
2663 
2663 
2672 
2672 
2687 
2687 
2700 
2700 
2712 
2712 
2721 
2721 
2729 
2729 
2735 
2735 
2741 
2741 
2745 
2745 
2749 
2749 


0029359  0000 

0029382  0029 

0029404  0059 

002Q426  0088 

0029470  0147 

0029543  0221 


0023573 
0019438 
0017609 
001570P 
0014512 
0013714 
0012338 
0011198 
0010191 
0009360 
0008651 
0008113 
0007584 
0007216 
0006832 


0287 
0341 
0387 
0471 
0546 
0617 
0747 
0865 
0972 
1069 
1159 
1243 
1322 
1396 
1466 


14937 
14937 
14939 
14939 
14940 
14940 
14942 
14942 
14945 
14945 
14950 
14O50 
14953 
14886 
14886 
14868 
14868 
14865 
14865 
14842 
14842 
14823 
14823 
14806 
14806 
14787 
14787 
14783 
14783 
14785 
14785 
14786 
14786 
14793 
14793 
14799 
14799 
14804 
14804 
14813 
14813 
14822 
14822 


47 


REFERENCE 

.... 

lONGITUDE 
'  I/IO 

if 

MARSDEN 

STATION    TIME 

ORIGINATOR'S           1 

DEPTH 

MAX 

WAVE 

wuna 

(DOE 

INSTR  . 
CODE 

NODC 
STATION 
NUMBER 

tOUNtK 
(ODE 

IDUTin 
•UHIEI 

bnir 
CODE 

LATITUDE 
°          '1/10 

SQUARE 

(GMT) 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOTTOM 

DEPTH 

OF 

SAMPLES 

OBSERVATIONS 

Id- 

r 

aCMTH 

OUT      HI    I/ID 

Dll 

HCT    Ptl    SU  Ul 

tin     UI 

31E 

000 

su 

3901    N 

12559    W 

121 

95 

02 

14 

185 

1966 

454 

B08 

3937 

12 

3^' 

4 

XI 

0    4 

0015 

WIND 

mi  iwf  -c 

ST 

[^ 

Dll 

VEEO 
01 
lOICE 

lAIOUETEl 
(mb.l 

oil  lUIl 

WET  lull 

VIS 
(OOE 

UD'I 
OIS 

SfE(l«l 
OlSEIVtllOIK 

ST 

DD 

35 

S29 

290 

094 

078 

"8" 

22 

maimt  *  cast 

CARD 

DEPTH    |m| 

T      'C 

s  ■/,. 

SiGArtA  — T 

SPECIFIC    VOLUME 

t  AD 
DYN   M 

SOUND 

Oj    ml/I 

AMIIENI    LIGHT 

MEASURED 
SOUND   VELOCITY 

Tmt      i 

HI          1/10 

NO 

TYPE 

ANOMALY  — XI  0' 

XIO' 

VELOCITY 

M/SEC 

STD 

0000 

1169 

3289 

2503 

0029377 

0000 

14937 

185      '         'OBS 

0000        '     1169     '3289     '     2503      ' 

'14937'                 '                   '                                             '                        ' 

STD 

0010             1169       3289          2503          0029399 

0029       14939 

OBS 

0010            1169       3289         2503 

14939 

STD 

0020             1169       3289          2503          0029421 

0059       14941 

003              OBS 

0020            1169       3289         2503 

14941 

STD 

0030             1170       3289          2503          002P461 

0088       14943 

OBS 

0030            1170       328P         2503 

14943 

STD 

0050             1170       3289          2503          0029505 

0147        14946 

OBS 

0050             1170       3289         2503 

14946 

STD 

0075             1170       3289          2503          0029560 

0221        14950 

OBS 

0075             1170       3289          2503 

14950 

OBS 

0095             1171       3289          2503 

14954 

STD 

0100            0996       3307          2547          0025350 

0290       14894 

OBS 

0100            0996       3307          2547 

14894 

STD 

0125            0895       3365          2609          0019527 

0346       14868 

OBS 

0125             0895       3365          2609 

14868 

STD 

0150            0860       3364          2629          0017638 

0392       14862 

OBS 

0150            0860       3384          2629 

14862 

STD 

0200             0779       3396          2651          0015652 

0475        14840 

OBS 

0200            0779       3396          2651 

14840 

STD 

0250            0703       3398          2663          0014525 

0551        14819 

OBS 

0250            0703       3398          2663 

14819 

STD 

0300            0648       3400          2672          0013714 

0621       14806 

OBS 

0300            0648       3400          2672 

14806 

STD 

0400            0560       3403          2686          0012499 

0753       14787 

OBS 

0400            0560       3403          2686 

14787 

STD 

0500            0506       3412          2699          0011284 

0871       14783 

OBS 

0500             0506       3412          2699 

14783 

STD 

0600            0473       3420          2709          0010399 

0980       14787 

OBS 

0600            0473       3420          2709 

14787 

STD 

0700            0436       3427          2719          0009539 

1080        r4789 

OBS 

0700            0436       3427          2719 

14789 

STD 

0800            0403       3434         2723          0008725 

1171       14793 

OBS 

0800             0403       3434         2728 

14793 

STD 

0900            0375       3438          2734          0008187 

1255       14798 

OBS 

0900            0375       3438          2734 

14798 

STD 

1000             0352       3442          2740          0007704 

1335       14806 

OBS 

1000            0352       3442          2740 

14806 

STD 

1100            0325       3447          2746          0007096 

1409       14812 

OBS 

1100            0325       3447          2746 

14812 

STD 

1200             0307       3449          2749          0006809 

1478       14821 

OBS 

120C 

0' 

507 

3449 

2749 

14821 

48 


REFERENCE 

LONGITUDE 
°      '  l/IO 

■i 

MARSOEN 

STATION   TIME 

ORIGINATORS            1 

DEPTH 

— 

MAX 

WAVE 

■umu 
coot 

INSTR 
CODE 

NODC 
STATION 
NUMBER 

COUNTIT 
COO! 

iDtPinn 
Nuaiii 

Snir 
CODE 

LATITUDE 

*■          '1/10 

SQUARE 

IGMT) 

YEAR 

CRUISE 
NUMBER 

STATION 
NUMBER 

TO 
BOnOM 

DEPTH 

OF 

SAMPLES 

OBSERVATIONS 

10' 

!• 

MONTH 

DAT      Hit    1/10 

Oil 

HOT    PU    SU  UT 

Tin     AMI 

318 

000 

SU 

3901     N 

12A59    W 

121 

94 

02 

14    228 

1966 

454 

A09 

3341 

12 

33 

4 

XI 

0    4 

0016 

WIND 

■ 

lllOaEIEl 

111  T!«F    •( 

»IS 

UO'I 

SFtCUL 

u  / 

SPEED 

ST 

D/. 

Oil 

01 
FOItE 

(mb 

' 

otr  lull 

■>EI  lull 

CODE 

OIS 

OlSEIVlTIOaS 

ST 

DD 

33 

S26 

252 

11 

10 

"e" 

31 

nmma  *  cast 

CARD 

DEPTH    (m) 

T       "C 

s  •■.. 

SIGMA  — T 

SPECIFIC    VOLUME 

IAD 
DYN   M 

SOUND 

0,    ml/l 

Jk/OBIENT    IIGHT 

MEASURED 
SOUND   VElOCtTY 

TIME        ^ 
HI           1/10 

NO 

TYPE 

ANOMALY  — XI  0' 

xio' 

VELOCITY 

3           / 

M/SEC 

STD 

0000 

1114 

3307 

2527 

0027098 

0000 

14920 

228      '         'OBS 

0000        '     1114     '3307      '     2527       ' 

14920'                '                  '                                          '                      ' 

STD 

0010             1113       3307          2527 

0027103 

0027       14922 

OBS 

0010             1113        3307          2527 

14922 

STD 

0020             1113       3307          2527 

0027124 

0054       14923 

OOA              OBS 

0020             1113       3307          2527 

14923 

STD 

0030             1113       3307          2527 

0027146 

0081        14925 

OBS 

0030              1113        3307          2527 

14925 

STD 

0050             1114       3307          2527 

0027206 

0136        14928 

OBS 

0050             1114       3307          2527 

14928 

STD 

0075             1132       3323          2536 

0026390 

0203        14941 

OBS 

0075             1132       3323          2536 

14941 

OBS 

0087             1011       3351          257"? 

14903 

OBS 

0091              1045        3340          2565 

14915 

OBS 

0097             0979       3350          2584 

14893 

STD 

0100             1013       3358          2584 

0021857 

0263        14907 

OBS 

0100             1013        3358          2584 

14907 

OBS 

0109             0964        3364          2597 

14891 

STD 

0125             0964       3375          2606 

0019862 

0315        14895 

OBS 

0125             0964       3375          2606 

14895 

STD 

0150            0928       3385          2619 

0018603 

0363       14887 

OBS 

0150             0928       3385          2619 

14887 

STD 

0200            0862       3397          2639 

0016795 

0452        14872 

OBS 

0200             0862       3397          2639 

14872 

STD 

0250            0787       3398          2651 

0015700 

0533        14852 

OBS 

0250             0787       3398          2651 

14852 

STD 

0300            0705       3400          2665 

0014478 

0608       14829 

OBS 

0300            0705       3400          2665 

14829 

OBS 

0310            0696       3403          2668 

14827 

OBS 

0321              0710       3404          2667 

14834 

OBS 

0329             0679       3406          2673 

14824 

OBS 

0337             0694       3410          2674 

14832 

STD 

0400             0606       3408          2684 

0012708 

0744       14807 

OBS 

04OO             0606        3408          2684 

14807 

OBS 

0430             0591        3411          2688 

14806 

OBS 

0452             0599       3414          2690 

14813 

STD 

0500            0570       3417          2696 

0011705 

0866       14810 

OBS 

0500            0570       3417          2696 

14810 

STD 

0600             0518        3423          2707 

0010724 

0979       14806 

OBS 

0600            0518       3423          2707 

14806 

STD 

0700             0482        3430          2716 

0009869 

1082        14809 

OBS 

0700             0482        3430          2716 

14809 

STD 

0800             0440       3437          2726 

0008940 

1176       14809 

OBS 

0800             0440       3437          2726 

14809 

STD 

0900             0417       3442          2733 

0008386 

1262       14817 

OBS 

0900             0417       3442          2733 

14817 

STD 

1000             0387       3445          2738 

0007892 

1344       14821 

OBS 

1000             0387       3445          2738 

14821 

STD 

1100            0365       3447          2742 

0007564 

1421        14829 

OBS 

1100             0365        3447          2742 

14829 

STD 

1200             0337       3449          2747 

0007159 

1494       14834 

0B5 

120C 

0337 

3449 

2747 

14834 

49 


318000 


SHIP 
CODE 


su 


LATITUDE 

'l/IO 

3901    N 


LONGITUDE 

•  l/IO 

12459    W 


ii 


MARSDEN 
SQUARE 


121    9't 


STATION    TIME 
(GMT  I 

MOWIH       DAT      HI    l/IO 

02    15    003 


1966 


ORIGINATOR'S 


454    B09 


WAVE 
OBSERVATIONS 


SAMPLES      Oil 


HCI    ni    SU  Ul 


3341 


12 


33 


XI 


INSTR 
CODE 


0    4 


NODC 
STATION 
NUMBER 

"0017 


MfSSSKOLI  J  CAST 
tlK!       -f  NO. 


003 


003 


STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 
OBS 
OBS 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 
OBS 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 

STD 
OBS 


DEPTH  (m| 
0000 

0000 
0010 
0010 
0020 
0020 
0030 
0030 
0050 
0050 
0075 
0075 
0081 
0087 
0092 
0099 
0100 
0100 
0102 
0111 
0125 
0125 
0150 
0150 
0200 
0200 
0250 
0250 
0300 
0300 
0308 
0325 
0400 
0400 
0418 
0435 
0500 
0500 
0600 
0600 
0700 
0700 
0800 
0800 
0900 
0900 
1000 
1000 
1100 
1100 
1200 
1200 


ST 

ST 


1117 
1117 
1117 
1117 
1117 
1117 
1118 
1118 
1121 
1121 
1132 
1132 
1134 
1008 
1045 
0970 
0984 
0984 
1010 
0945 
0970 
0970 
0917 
0917 
0825 
0825 
0756 
0756 
0691 
0691 
0687 
0700 
0603 
0603 
0589 
0601 
0560 
0560 
0520 
0520 
0476 
0476 
0438 
0438 
0417 
0417 
0387 
0387 
0363 
0363 
0338 
0338 


DO 


33 


3308 
3308 
3308 
3308 
3308 
3308 
3309 
3309 
3310 
3310 
3317 
3317 
3329 
3324 
3351 
3343 
3346 
3346 
3352 
3363 
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Foreword 


The  Seismic  Sea  Wave  Warning  System  provides  tsunami  warning  informa- 
tion to  the  civilian  population  and  military  personnel  of  the  Pacific  region. 
Although  a  cooperative  effort  of  international  scope,  the  responsibility  for  de- 
veloping, administering,  and  operating  the  Warning  System  is  assumed  by  the 
Coast  and  Geodetic  Survey,  U.S.  Environmental  Science  Services  Administra- 
tion, whose  Honolulu  Observatory  serves  as  the  operational  headquarters  for  the 
network  of  participating  seismic  stations  and  tide  stations  in  the  Pacific.  Infor- 
mation from  the  network  of  stations  is  sent  to  Honolulu  Observatory  where  it  is 
analyzed  and  relayed  as  tsunami  watches  and  warnings  to  civil  defense  or- 
ganizations, weather  bureaus,  military  installations,  and  other  local  governmental 
ofl[ices  that  have  been  designated  to  receive  the  information  by  the  participating 
countries,  territories,  and  administrative  areas  throughout  the  Pacific.  Effective- 
ness of  the  system  results  in  a  large  measure  from  the  prompt  and  accurate  re- 
ports of  the  observers  who  staff  the  stations  of  the  network. 

The  purpose  of  this  publication  is  to  provide  general  information  and  specific 
instructions  to  aid  tide  observers  in  reporting  seismic  sea  waves.  Both  regular 
tide  observers  and  alternate  or  substitute  observers  at  participating  tide  stations 
should  be  familiar  with  the  procedures  outlined  herein.  These  instructions  super- 
sede Coast  and  Geodetic  Survey  Special  Publication  No.  29If,  March  1,  1953,  and  all 
seismic  sea  wave  reporting  instructions  issued  pursuant  thereto  prior  to  June  1966. 

This  publication  was  prepared  by  M.  G.  Spaeth,  Office  of  Seismology  and  Geo- 
magnetism, Coast  and  Geodetic  Survey;  C.  E.  Arens,  Office  of  Hydrography  and 
Oceanography,  Coast  and  Geodetic  Survey;  and  B.  D.  Zetler,  Institute  for  Ocean- 
ography, Institutes  for  Environmental  Research. 
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SECTION  1 

Seismic  Sea  Waves 


1.1  Nature  and  origin 

Seismic  sea  waves,  or  tsunamis,  are  true  gravity  waves  of  extremely  long 
length  and  period  that  travel  in  series  across  the  ocean.  At  sea,  the  waves  cannot 
be  detected  readily  by  instruments  developed  to  date.  In  coastal  areas,  wave  heights 
are  increased  by  shoaling  of  the  sea  floor  and  vast  expanses  of  lowland  some- 
times are  inundated  by  sudden  rises  in  sea  level  with  arrival  of  the  larger  waves. 
The  waves  are  set  in  motion  by  underwater  disturbances,  usually  associated  with 
earthquakes  in  the  underlying  ocean  floor  or  along  the  bordering  lands.  Near 
the  place  of  origin,  the  first  wave  may  be  the  largest,  but  at  greater  distances  the 
largest  wave  of  the  group  generally  is  one  of  the  six  ensuing  waves.  Not  all  sub- 
marine earthquakes  produce  sea  waves  and  not  all  sea  waves  are  large  enough  to 
cause  damage;  however,  occasional  large  waves  have  caused  great  destruction 
and  loss  of  life  in  coastal  areas.  At  present,  there  is  no  way  to  determine  if  an 
earthquake  has  generated  sea  waves  except  to  note  the  occurrence  and  geograph- 
ic position  of  the  earthquake  and  then  to  detect  the  arrival  of  the  characteristic 
waves  at  a  network  of  tide  stations.  The  waves,  although  often  called  tidal  waves, 
have  nothing  to  do  with  the  tides. 


1.2  Frequency  of  occurrence 

During  the  36-year  period  from  1928  to  1963,  there  were  84  seismic  sea 
waves  recorded.  Of  these,  66  were  in  the  Pacific — 17  caused  death  and  destruc- 
tion near  their  source  and  5  were  widely  destructive.  In  1960,  two  destructive 
waves  occurred.  The  May  1960  tsunami,  generated  in  Chile,  caused  extensive 
damage  in  Chile,  Hawaii,  the  Philippines,  Okinawa,  and  Japan  and  left  more 
than  138  persons  dead  or  missing  in  northern  Japan  and  Okinawa,  32  dead  in 
the  Philippines,  and  61  dead  at  the  Hawaiian  city  of  Hilo.  Damage  along  the  west 
coast  of  the  United  States  amounted  to  $500,000,  many  Chilean  coastal  towns  were 
destroyed,  and  there  was  damage  in  faraway  New  Zealand.  The  November  1960 
tsunami  in  Peru  caused  11  deaths  on  nearby  coasts.  Over  the  36-year  period,  the 
greatest  number  Of  seismic  sea  waves  recorded  in  one  year  was  6  in  1963.  Between 
1868  and  1960,  there  were  14  tsunamis  that  caused  damage  in  the  Hawaiian 
Islands — an  average  of  one  damaging  tsunami  every  6  years.  The  longest  period 
between  damaging  waves  in  the  islands  was  23  years,  but  one  year  had  2  severe 
waves.  In  1964,  the  tsunami  generated  by  the  Prince  William  Sound  (Alaska) 
earthquake  of  March  28  left  widespread  damage  in  the  Prince  William  Sound 
and  Alaska  Peninsula  areas  and  resulted  in  severe  damage  and  loss  of  life  at 
Crescent  City  on  the  northern  California  coast. 


2  WAVE  REPORTING   PROCEDURES 

1.3  Propagation 

Seismic  sea  waves  travel  outward  in  all  directions  from  the  generating  area. 
Their  speed  depends  on  the  depth  of  water.  In  the  deep  and  open  ocean,  they 
travel  at  speeds  of  300  to  500  nautical  miles  per  hour  and  the  distance  between 
successive  crests  can  be  as  much  as  300  to  400  nautical  miles.  However,  the 
height  of  the  waves  in  the  open  ocean  may  be  no  more  than  1  or  2  feet  and 
the  waves  pass  unnoticed.  Variations  in  tsunami  propagation  result  when  the 
propagation  impulse  is  stronger  in  one  direction  than  in  others  and  where  regional 
topographic  features  modify  both  the  wave  form  and  rate  of  advance  from  that 
in  the  open  sea.  Upon  reaching  shoaler  water,  the  speed  of  the  advancing  wave 
diminishes,  its  length  decreases,  and  its  height  increases  greatly  owing  to  the 
piling  up  of  water.  Configuration  of  coastline,  shape  of  ocean  floor,  and  char- 
acter of  advancing  waves  all  play  an  impoi'tant  role  in  the  destruction  wrought 
by  tsunamis  along  any  coast,  whetlier  neai'  the  generating  area  or  thousands  of 
miles  from  it.  Consequently,  detection  of  relatively  small  seismic  sea  waves  at 
any  locality  warrants  immediate  reporting — through  the  Seismic  Sea  Wave  Warn- 
ing System — to  spread  the  alarm  to  all  coastal  localities  of  approaching,  potentially 
dangerous  waves. 

1.4  Observable  features 

The  successive  waves  of  a  tsunami  in  the  deep  sea  have  such  great  length  and 
so  little  height  that  they  are  not  visually  recognizable,  either  from  a  surface 
vessel  or  from  an  airplane.  The  passing  waves  produce  only  a  gentle  rise  and 
fall  of  the  sea  surface.  During  the  April  1946  tsunami  at  Hawaii,  ships  standing 
off  the  coasts  observed  tremendous  waves  breaking  on  shore  but  did  not  detect 
any  change  in  sea  level  at  their  offshore  locations.  At  present,  detection  of  seis- 
mic sea  waves  is  possible  only  near  shore  where  the  shoaling  effect  described  in 
paragraph  1.3  can  be  observed.  The  first  visible  indication  of  an  approaching 
seismic  sea  wave  is  often  a  recession  of  water  caused  by  the  trough  preceding 
the  advancing  wave.  Any  withdrawal  of  the  sea,  therefore,  should  be  considered 
a  warning  of  an  approaching  wave.  A  rise  in  water  level  also  may  be  the  first 
event.  Tide  gage  records  of  the  Chilean  tsunami  of  May  22,  1960,  generally 
showed  a  rise  in  water  level  as  the  first  indication  of  this  tsunami.  This  rise 
amounted  to  about  one-half  the  amplitude  of  the  following  decrease  in  water 
level.  Under  certain  conditions  the  crest  of  an  advancing  wave  can  overtake 
the  preceding  trough  while  some  distance  oflfshore.  This  causes  the  wave  to  pro- 
ceed shoreward  as  a  bore — a  wave  with  a  steep,  churning  front. 

1.5  Destructive  force 

The  force  and  destructive  effects  of  seismic  sea  waves  should  not  be  over- 
looked. The  tsunami  generated  by  the  earthquake  of  April  1946  in  the  Aleutian 
Trench  was  accompanied  locally  by  100-foot  waves  that  demolished  Scotch  Cap 
lighthouse  on  a  57-foot-high  promontory  at  Unimak  Island.  The  May  1960  Chil- 
ean tsunami  caused  50  million  dollars  damage  in  Japan,  almost  10,000  miles  from 
its  origin.  At  some  places,  the  advancing  turbulent  wave  front  is  the  most  de- 
structive part  of  the  wave.  Where  the  rise  is  quiet,  the  outflow  of  water  to  the 
sea  between  crests  may  be  rapid  and  destructive,  sweeping  all  before  it  and 
undermining  roads,  buildings,  and  other  works  of  man  with  its  swift  currents. 
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Ships,  unless  moved  away  from  shore,  can  be  thrown  against  breakwaters, 
wharfs,  and  other  craft;  washed  ashore;  or  left  grounded  during  withdrawals  of 
the  sea. 

1.6  Period  and  duration 

A  seismic  sea  wave  is  not  one  wave,  but  a  series  of  waves.  The  time  that 
elapses  between  passage  of  successive  wave  crests  at  a  given  point  usually  is 
from  10  to  45  minutes.  Oscillations  of  destructive  proportions  may  continue 
for  several  hours  and  several  days  may  pass  before  the  sea  returns  to  its  nor- 
mal state.  Graphic  records  of  tsunamis  recorded  at  tide  stations  are  presented 
in  figures  11  through  13  and  15  through  26. 


SECTION  2 

The  Seismic  Sea  Wave  Warning 

System 

2.1  Purpose 

The  Seismic  Sea  Wave  Warning  System  is  a  cooperative  undertaking  directed 
by  the  Coast  and  Geodetic  Survey  of  the  Environmental  Science  Services  Ad- 
ministration, U.  S.  Department  of  Commerce.  The  system,  which  was  established 
to  detect  the  giant  waves  in  the  Pacific  and  to  warn  civilian  and  military  au- 
thorities in  the  Hawaiian  Islands  of  approaching  waves,  has  been  greatly  ex- 
panded since  its  inception  and  now  sends  warning  information  to  many  countries 
and  islands  throughout  the  Pacific  region.  Objectives  of  the  warning  service  are 
accomplished  by  (1)  detecting  and  determining  the  location  of  earthquakes  of 
tsunami-producing  magnitude  through  a  network  of  seismic  stations,  and  (2) 
verifying  the  existence  of  newly  generated  seismic  sea  waves  from  observations 
of  changing  sea  levels  at  tide  stations,  particularly  tide  stations  located  near  the 
epicenter  of  any  reported  earthquake. 

2.2  Participating  activities 

The  principal  activities  participating  in  the  Seismic  Sea  Wave  Warning  Sys- 
tem (SSWWS)  include  the  Honolulu  Observatory,  the  network  of  seismic  stations 
and  tide  stations  (fig.  1),  dissemination  agencies,  and  various  communication 
agencies  (described  in  Communication  Plan  for  Seismic  Sea  Wave  Warning 
System. 

2.2.1  Honolulu  Observatory.  The  operational  center  or  headquarters  for  the 
Warning  System  is  the  Honolulu  Observatory — ^the  magnetic  and  seismological 
observatory  of  the  Coast  and  Geodetic  Survey  at  Ewa  Beach,  Oahu,  Hawaii.  The 
Honolulu  Observatory  receives  information  from  the  network  of  seismic  stations, 
tide  stations,  and  local  warning  centers  whenever  earthquakes,  or  seismic  sea 
waves,  are  detected  at  the  respective  localities.  Specific  reports  are  then  requested 
from  other  stations  and  centers  of  the  network.  This  information  is  evaluated  to 
determine  the  location  of  the  earthquake  epicenter,  the  magnitude  of  the  earth- 
quake, the  possibility  of  tsunami  generation,  and  the  area  of  generation.  Ar- 
rival times  of  the  seismic  sea  waves  are  estimated  for  coastal  localities  where 
the  waves  may  strike.  Lastly,  tsunami  watches  and  warnings  are  prepared  and 
issued  to  designated  dissemination  agencies  throughout  the  Pacific. 

2.2.2  Seismic  stations.  Seismograph  stations  of  the  network  notify  Honolulu 
Observatory  whenever  a  major  earthquake  is  detected.  Some  of  these  stations 
are  equipped  with  automatic  seismic  alarms  to  alert  the  observer  whenever  an 
earthquake  of  tsunami-producing  magnitude  occurs.  In  addition  to  reports  ini- 
tiated by  local  observers,  upon  detection  of  earthquakes,   seismic  stations  also 
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submit  seismological  reports  in  response  to  specific  requests  by  the  Honolulu 
Observatory.  A  new  development  is  the  establishment  of  warning  centers  in 
selected  areas  to  warn  the  local  population  of  possible  tsunamis  generated  by 
nearby  earthquakes.    These  warnings  are  based  solely  on  seismological  data. 

2.2.3  Tide  stations.  Designated  tide  stations  throughout  the  Pacific  are  re- 
sponsible for  detecting  seismic  sea  waves  and  submitting  reports  to  the  Hono- 
lulu Observatory,  either  upon  request  or  by  their  own  initiative.  These  stations 
usually  provide  the  first  indication  that  a  tsunami  has  been  generated.  Each 
station  continuously  records  the  rise  and  fall  of  the  sea  surface  as  a  graphic  tidal 
record,  or  marigram.  Tsunamis  appear  on  this  record  as  distinct  abnormalities. 
At  some  stations,  seismic  sea  wave  detectors  are  installed  to  detect  those  passing 
waves  having  tsunami  characteristics  and  to  automatically  set  oflf  an  alarm  when 
such  waves  occur.  During  tsunami  emergencies,  personnel  at  tide  stations  should 
take  precautionary  measures  to  avoid  loss  of  life  and  property. 

2.2.4  Dissemination  agencies.  Tsunami  warnings  are  communicated  from  the 
Honolulu  Observatory  to  dissemination  agencies  appointed  by  countries,  territor- 
ies, states,  or  other  governmental  units  having  jurisdiction  over  the  area  for 
which  warnings  are  provided.  Each  agency  is  responsible  for  rapidly  dissemi- 
nating the  warning  information  to  local  authorities  in  the  area  of  its  responsi- 
bility. Agencies  designated  by  various  governments  include  civil  defense 
organizations,  weather  bureau  offices,  military  bases,  and  disaster  offices. 

2.3  Communication  requirements 

Seismic  sea  waves  travel  at  great  speeds.  In  the  deep  ocean,  they  can  attain 
speeds  of  500  n.  miles  per  hour.  Hence,  the  time  available  for  obtaining  wave  re- 
ports is  limited ;  every  minute  counts ;  and  rapid  communication  is  essential.  Re- 
cipients of  tsunami  messages  should  act  immediately  to  supply  requested  data. 

2.4  Communication  Plan 

The  Coast  and  Geodetic  Survey  has  made  arrangements  with  the  Depart- 
ment of  Defense  (DOD),  the  Federal  Aviation  Agency  (FAA),  the  National 
Aeronautics  and  Space  Administration  (NASA),  and  other  government  agen- 
cies, both  domestic  and  foreign,  to  handle  the  message  traffic  essential  to  the 
success  of  the  Warning  System,  using  existing  circuits.  The  arrangements  pro- 
vide for  the  transmission  of  the  messages  on  a  high  priority  basis  commensurate 
with  the  need  for  rapid  communication  and  the  regulations  of  the  various  com- 
munication agencies.  The  Commnnication  Plan  for  Seismic  Sea  Wave  Warning 
System  outlines  communication  procedures  and  designates  primary,  and,  where 
available,  alternate  communication  channels  between  Honolulu  Observatory  and 
each  seismic  station,  tide  station,  and  dissemination  agency  in  the  system.  Every 
member  of  the  system  and  all  communication  agencies  handling  warning  system 
messages  should  maintain  an  up-to-date  copy  of  this  Communication  Plan.  Some 
information  in  the  plan  is  repeated  in  Section  6,  Warning  System  Messages.  It 
is  correct  for  the  date  of  this  publication,  but  future  changes  in  the  Communi- 
cation Plan  may  invalidate  portions  of  it.  In  such  a  case,  the  latest  instructions 
in  the  Communication  Plan  must  be  followed. 


SECTION  3 

Duties  of  Tide  Observers 

3.1  Responsibilities 

It  is  essential  that  a  capable  tide  observer  be  present  at  all  hours  to  report 
the  occurrence  of  tsunamis.  Substitute  observers  should  be  designated  as  neces- 
sary and  each  should  be  made  thoroughly  familiar  with  the  recording  instruments 
and  the  reporting  procedures  of  the  Seismic  Sea  Wave  Warning  System. 

3.2  Duties 

3.2.1  Keep  the  tide  gage  in  operation  at  all  times  (see  Section  4). 

3.2.2  Keep  seismic  sea  wave  detector  (if  available)  functioning  properly 
at  all  times  {see  Section  5). 

3.2.3  Report  immediately  the  occurrence  of  any  seismic  sea  wave  to  the 
Honolulu  Observatory,  even  though  the  station  has  not  been  alerted  by  the 
Honolulu  Observatory  (see  Section  8) . 

3.2.4  Watch  the  tide  record  for  evidence  of  seismic  sea  waves  when  requested 
to  do  so  by  the  Honolulu  Observatory;  report  back  to  Honolulu  Observatory  in 
accordance  with  instructions  in  this  publication ;  and,  follow  any  special  instruc- 
tions in  messages  from  Honolulu  Observatory  (see  Section  8). 

3.2.5  Reply  promptly  upon  receipt  of  all  test  messages  from  the  Honolulu 
Observatory  (see  Section  7). 

3.2.6  At  those  tide  stations  where  water  heights  are  telemetered  from  the 
gage  location  to  a  remote  recorder  at  another  location,  the  individual  on  duty 
at  the  remote  recorder  is  responsible  for  reporting  to  the  Honolulu  Observatory 
during  a  tsunami  dummy  or  an  actual  tsunami  emergency.  During  an  emergency, 
the  person  responsible  for  checking  the  tide  gage  daily  should  first  check  the 
gage  and  then  make  himself  available  to  the  observer  on  duty  at  the  remote 
recorder. 

3.2.7  Report  any  change  of  the  observer's  address,  and  telephone  or  teletype 
numbers,  to  local  communications  stations  through  which  messages  are  sent  and 
received.  The  same  information  should  be  given  in  letter  form  to  the  Coast  and 
Geodetic  Survey,  Washington  Science  Center,  Rockville,  Maryland,  U.S.A.,  20852. 

3.3  Safety  measures 

Although  tide  records  must  be  examined  for  evidence  of  seismic  sea  waves, 
the  observer  is  not  expected  to  take  needless  risks  to  reach  the  tide  gage  when 
dangerous  waves  are  approaching.  At  such  times,  visual  sightings  of  seismic 
sea  waves  should  be  reported  to  the  Honolulu  Observatory  without  visiting  the 
gage.  Since  requests  for  wave  reports  usually  are  made  only  when  there  is  a  good 
chance  that  a  tsunami  has  been  generated,  persons  in  charge  of  tide  stations 
should  take  every  precaution  to  avoid  endangering  personnel  at  the  tide  station. 


SECTION  4 

The  Tide  Gage 


4.1  Types  of  gages 

Two  types  of  tide  gages  are  presently  used  at  tide  stations  of  the  Seismic 
Sea  Wave  Warning  System — the  standard  automatic  tide  gage  and  the  gas-purg- 
ing pressure  tide  gage,  or  bubbler  gage. 

4.2  Standard  automatic  tide  gage 

The  standard  automatic  tide  gage  is  used  at  most  stations  throughout  the 
Warning  System  network.  This  gage  is  operated  by  a  float  that  moves  up  and 
down  with  the  rise  and  fall  of  water  level  in  a  stilling  well.  The  movement  of 
the  float  and  attached  line  turns  a  worm  screw  on  the  gage  and  this  in  turn  moves 
a  pencil  back  and  forth  across  a  strip  of  paper  that  is  moved  forward  by  a 
motor  clock.  The  stilling  well  eliminates  the  eff"ect  of  horizontal  water  movement 
on  the  float  and,  by  the  size  of  its  intake  opening,  greatly  reduces  the  effect  of 
rapid  changes  in  water  level  produced  by  wind  waves.  With  the  exception  of  the 
short-period  wind  waves,  the  tide-gage  record  reflects  all  vertical  motions  of  the 
sea  surface,  including  the  rise  and  fall  of  the  tide,  vertical  oscillations  caused  by 
seiches,  and  seismic  sea  waves  generated  by  earthquake  disturbances. 

4.3  Gas-purging  pressure  tide  gage 

This  type  of  gage,  also  known  as  a  bubbler  gage,  is  used  at  some  tide  sta- 
tions in  the  Warning  System  where  installation  of  a  float-operated  tide  gage  is 
not  practical.  The  strip-chart  recorder  unit  is  connected  to  a  submerged  orifice 
(sensor)  by  small-diameter  plastic  tubing  through  which  a  regulated  volume  of 
compressed  gas  (dry  nitrogen)  is  dispensed.  By  keeping  the  tubing  and  orifice 
full  of  gas,  changes  in  water  level  (tide)  are  sensed  by  a  temperature-compensated 
bellows,  or  transducer.  The  transducer  measures  the  changing  pressure  of  the 
hydraulic  head  above  the  fixed  orifice  chamber  from  which  gas  bubbles  escape.  A 
mechanical  linkage  assembly  connects  the  bellows  to  a  recording  pen.  The  mari- 
gram  is  drawn  on  a  6-inch  strip  chart. 

4.4  Remote  recorders 

Remote  recorders  can  be  used  with  the  standard  automatic  tide  gage  and  the 
gas-purging  pressure  tide  gage.  Both  systems  consist  of  a  transmitter  at  the  site 
of  the  tide  gage,  a  receiver  (or  recorder)  and  power  paok  at  the  remote  record- 
ing site  (fig.  2) ,  and  a  two-conductor  (private)  line  connection  between  the  trans- 
mitting and  receiving  instruments.  An  alternating-current  power  source  is  re- 
quired at  both  sites.  The  systems  differ  only  in  the  input  mechanism  used  for 
each  type  of  gage — a  chain  and  sprocket  drive  linkage  to  the  drum  shaft  is 
used  with  the  float-operated  gage  and  a  pressure-sensing  unit,  connected  by  a  T- 
fitting  to  the  orifice  line,  is  used  with  the  gas-operated  gage    (fig.  3).    Remote 
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Figure  2. — Receiver,  or  recorder,  and  power  supply  units  of  remote  recording  system. 


recorders  are  in  use  at  many  tide  stations  in  the  Warning  System  network.  Their 
use  eliminates  the  necessity  of  visiting  gage  sites  to  visually  inspect  the  tide 
record,  or  marigram.  This  reduces  the  hazard  to  station  personnel  and  the  time 
required  in  responding  to  requests  for  wave  reports.  Remote  recording  systems 
also  provide  readily  available  wave  information  of  use  in  determining  the  time 
to  safely  sound  the  "all  clear"  following  tsunami  warnings  or  the  passage  of 
seismic  sea  waves.  It  also  is  possible  to  telemeter  wave  information — from  the 
gage  site — over  long  distances  by  using  radio  (microwave)  frequencies,  instead 
of  "hard  wire." 

4.5  Care  of  gage 

Every  effort  should  be  made  to  keep  the  tide  gage  performing  satisfactorily 
and  to  correct  operating  difficulties  promptly.  All  tide  station  personnel  with 
responsibility  for  answering  requests  for  tsunami  data  should  understand  the 
operation  of  the  tide  gage  sufficiently  to  make  emergency  repairs.  Instruction  in 
the  care  and  operation  of  tide  gages  is  given  in  the  Manual  of  Tide  Observa- 
tions, Coast  and  Geodetic  Survey  Publication  30-1,  1965,  a  revision  of  Special 
Publication  No.  196. 

4.6  Accurate  time 

It  is  especially  important  that  accurate  time  be  kept  at  tide  stations  partici- 
pating in  the  Warning  System  network.  Before  each  daily  visit  to  tlie  tide  gage, 
the  observer  should  check  the  time  of  his  watch  with  that  of  the  radio,  the  local 
communication  station,  or  any  other  reliable  source  so  that  the  time  of  the  gage 
clock  can  be  kept  as  accurate  as  possible. 

4.7  Legibility  of  record 

The  graphic  record  should  be  kept  clear  and  distinct  at  all  times.  This  will 
facilitate  interpretation  of  the  record  in  time  of  emergency.  This  also  is  im- 
portant in  providing  good  photographs  of  the  record.  The  observer  should  visit 
the  gage  and  make  a  comparative  note  once  a  day.  If  this  is  done  daily,  the  pro- 
cedure can  be  omitted  at  the  time  of  a  tsunami  alert. 
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Figure  3. — Strip-chart  recorder  of  gas-purging  pressure  tide  gage  and  pressure-sensing  trans- 
mitter unit  of  remote  recording  system. 


4.8  Special  scale 

A  special  scale — graduated  in  units  corresponding  to  the  height  scale  of 
the  tide  gage — is  furnished  for  measuring  times  and  heights  of  water-level  change 
(fig.  4).  Only  the  actual  motion  of  the  water,  the  amount  of  fluctuation  in  water 
level,  is  reported  to  the  Honolulu  Observatory.  The  scale  should  be  kept  near 
the  gage  so  that  it  is  always  available.  Additional  scales  can  be  obtained  upon 
request.  Caution:  Scaled  heights  should  never  be  substituted  for  actual  tide  staff 
readings  (that  is,  to  obtain  the  height  of  the  tide)  in  the  d     ly  comparative  note. 


THE   TIDE  GAGE 


4.9  Wave  heights 

Wave  heights  can  be  read  directlv  i n  f !  f  ^  I  ^^  ^''^^  ^«  ^^e  water  rises 
scale  for  the  particular  g^e  or  L"e  ly  bv  u  i  '^  °'  '!''  ""'  "^^"^  ^^^  «P--i 
-  used,  the  scale  of  the  ga'ge'  mus?  brcoLdered  ^/or  Z"T  '"^^^^  ''  ^  ^"^- 
1 .6  means  that  the  recordino-  pencil  mZlT  u        ^^^"^P^^,  a  gage  scale  of 

of  water  level,  or  two  inches In'reclTnra  1  ?oV/".  "  '''°^'^"^  ^  ^'^"^^  ^^ange 
lation  below  gives  the  various  gZlcf,!  ^^  ^^"^' '^  ^^^^^  ^^^^1-  The  tabu- 
inches  for  each  foot  of  wateiMevef change   '       '''"'''^'^  ^'^^^^  movements  in 

1--6  or  2  inches  =  1  foot 
1:9  or  li^j  inches  =  1  foot 
1 :12  or  1  inch  =  1  foot 

1:16  or  %  inch  =  1  foot 
1 :24  or  y.,  inch  =  1  foot 
1  -^2  or        %  inch  =  1  foot 

used.   Heavy  and  light  lines  on  the  . to -d  pane     ^''J""^.*  "'  ''^'=°'-<'  ^^^''^  ^^^ 

t.de  curve  in  feet  and  tenths  of  feet  Ls  JilloTOf  ""''""^  '°  ''<^="«  '1"^ 

Scale  indicated  on  record  paper      10      ^n      ,n       .„       .„  .. 

Sea  e  un.fa  between  heavy  lines     0.5      To     95      ,'?      '°  ' ' 

Scale  un.ts  bet>yeen  %ht  lines     0.1      02     05     05      10  ft 
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4.10  Wave  times 

The  recording  pencil  of  the  standard  automatic  tide  gage  makes  a  short  hori- 
zontal mark  each  hour,  on  the  hour,  on  the  tide  record.  The  time  of  any  point 
on  the  tide  curve  is  obtained  by  measuring  the  distance  between  the  point  and 
the  beginning  of  the  horizontal  hour  mark.  The  special  scale  can  be  used  to  meas- 
ure this  distance  in  minutes.  A  ruler  also  can  be  used.  Since  the  paper  is  moved 
forward  by  the  clock  motor  at  a  rate  of  one  inch  per  hour,  Y2  ii^ch  on  the  record 
is  30  minutes;  14  i^"ich  is  15  minutes;  %  inch  is  TVo  minutes;  and  Vio  inch  is  6 
minutes.  When  estimating  time,  the  edge  of  the  special  scale  or  ruler  should  be 
placed  near  the  hour  mark  and  parallel  to  the  edge  of  the  paper.  Local  standard 
time  is  used  at  most  tide  stations.  This  time  should  be  converted  to  Greenwich 
Mean  Time  in  reporting  to  the  Honolulu  Observatory  (see  6.5  Greenwich  Mean 
Time).  On  tlie  bubbler  gage  record,  vertical  lines,  spaced  V-j  inch  apart,  indicate 
half-hour  intervals.  Time  lines  on  the  Bristol  670  remote  recorder  are  spaced  15 
minutes  apart.  Time  lines  on  other  Bristol  recorders  are  spaced  at  30-minute 
intervals. 


SECTION  5 

The  Seismic  Sea  Wave  Detector 

5.1  Description 

Seismic  sea  wave  detectors  are  installed  at  some  tide  stations  to  automatically 
set  off  an  alarm  when  seismic  sea  waves  pass.  A  length  of  6-inch  pipe,  closed  at 
one  end,  is  fixed  vertically  in  a  stilling  well,  open  end  down.  The  well's  small  in- 
take opening  eliminates  changes  in  water  level  caused  by  short-period  wind 
waves.  A  small  opening  at  the  closed  end  of  the  pipe  is  connected  by  tubing  to 
a  vertically  mounted  U-tube  that  is  partially  filled  with  mercury  (fig.  5).  As  the 
sea  surface  rises  and  falls,  the  air  pressure  in  the  pipe  increases  and  decreases. 
This  change  in  pressure  causes  the  mercury  in  the  U-tube  to  rise  and  fall.  If  the 
movement  of  mercury  is  sufficient  in  either  direction,  it  will  touch  one  of  two 
contact  points  and  close  an  electric  circuit,  setting  off  an  alarm.  Pressure  changes 
caused  by  the  slow  rise  and  fall  of  the  tide  bleed  off  through  a  small  breather  hole 
or  valve  at  the  top  of  the  pipe  without  appreciable  movement  of  the  mercury.  This 
leaves  only  those  changes  in  water  level  produced  by  seiches  or  seismic  sea  waves 
to  trigger  the  alarm.  The  distance  separating  the  mercury  and  contact  points  is 
large  enough  to  prevent  contact  during  seiches  that  might  normally  occur  at  the 
tide  station.  Thus  seismic  sea  waves  are  the  only  water-level  fluctuations  likely  to 
set  off  the  alarm. 

5.2  Pencil  recorder 

A  magnetically  operated  pencil  recorder  is  mounted  on  the  standard  automatic 
tide  gage  and  connected  to  the  electric  alarm  circuit  of  the  seismic  sea  wave  detec- 
tor. The  pencil  makes  a  continuous  straight  line  on  the  tide  record  except  when 
seismic  sea  waves  actuate  the  electric  circuit.  When  the  circuit  is  actuated,  the 
pencil  makes  a  jog  in  the  line.  This  marks  the  time  of  the  seismic  sea  wave  alarm 
signal  on  the  tide  record.  However,  the  mark  made  by  the  alarm-recording  pencil 
does  not  necessarily  correspond  with  the  position  of  the  tide-recording  pencil  at 
the  time  of  a  seismic  sea  wave  alarm.  This  difference  in  position  of  the  two  pencils 
must  be  known.  Therefore,  when  the  paper  is  first  put  on  the  gage,  and  on  each 
visit  to  the  gage,  the  tide  observer  should  complete  the  procedure  outlined  below  on 
the  tide  record:  (1)  Make  simultaneous  marks  on  the  record  with  both  pencils; 
(2)  draw  a  line  on  the  record  pointing  to  the  two  marks  (without  touching  either 
mark);  and   (3)  indicate  the  correct  time  and  gage  time  on  the  record  (fig.  6). 

5.3  Pencil-recorder  adjustment 

Each  day  the  pencil  recorder  should  be  examined  and  adjusted  as  needed  to 
make  a  legible  mark  on  the  tide  record.  If  the  pressure  of  the  pencil  against  the 
paper  is  too  great,  the  magnet  will  not  move  the  pencil ;  if  the  pressure  is  too  light, 
the  pencil  will  not  write.  A  fine  adjustment  can  be  made  by  merely  screwing  the 
pencil  lead  in  or  out.  The  legibility  of  the  record  can  be  improved  by  rubbing  fine 
sand  paper  or  emery  paper  over  the  pencil  lead. 
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Figure   5. — Diagram   of   seismic   sea  wave   detector    system. 
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Figure  6. — Tide  record  marked  to  show  relation  between  tide-recording  and  alarm- 
recording  pencils. 
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5.4  Weekly  test  procedure  for  detector 

The  detector  should  be  tested  each  week  to  be  sure  it  is  in  proper  operating 
condition  and  to  reveal  any  deterioration.  The  intake  of  the  stilling  well  must  be 
open  and  clean;  the  pressure  chamber  must  be  airtight,  except  for  the  breather 
hole  or  valve  which  must  be  open  and  clear;  and  the  batteries,  relays,  and  electric 
circuits  must  work  properly  to  sound  the  alarm  when  the  mercury  in  the  U-tube 
touches  either  contact  point.  Form  802,  Report  of  Weekly  Test,  provides  instruc- 
tions for  testing  the  detector  and  space  for  recording  the  results.  The  completed 
form  should  be  sent  promptly  each  week  to  the  Coast  and  Geodetic  Survey  office 
responsible  for  your  tide  station. 

5.5  Alarm  procedure 

When  the  detector  signals  an  alarm,  follow  the  procedure  described  in  Section 
8,  Reporting  Waves  to  Honolulu  Observatory.  Do  not  alert  Honolulu  Observatory 
for  an  obviously  false  alarm. 

5.6  Detector  malfunctions  and  false  alarms 

Any  faulty  operation  of  the  seismic  sea  wave  detector  and  all  false  alarms 
should  be  reported  on  Form  802,  Report  of  Weekly  Test.  If  operating  difficulties 
and  problems  develop  that  cannot  be  corrected  immediately,  request  further  in- 
structions from  the  Coast  and  Geodetic  Survey. 


SECTION  6 

Warning  System  Messages 

6.1  The  Communication  Plan 

Instructions  for  all  those  handling  Warning  System  messages  are  given  in  the 
Communication  Plan  for  Seismic  Sea  Wave  Warning  System,  Fifth  Edition, 
November  1963.  The  instructions  repeated  in  this  section  are  in  compliance  with 
the  Communication  Plan,  as  revised  to  June  1966,  but  in  the  event  of  future  con- 
flict due  to  revision  of  the  Communication  Plan,  the  instructions  in  the  Communi- 
cation Plan  are  to  be  followed. 

6.2  Parts  of  the  message 

Each  message  contains  the  following  parts: 

(1)  Precedence  designation  or  priority  indicator; 

(2)  date-time  group; 

(3)  station  designators  of  originator  and  addressee; 

(4)  security  classification; 

(5)  the  identifying  words  TSUNAMI  or  TSUNAMI  DUMMY;  and 

(6)  text  of  the  message. 

6.3  Precedence  or  priority 

A  precedence  designation  as  used  by  the  Department  of  Defense  (DOD)  or 
the  National  Aeronautics  and  Space  Administration  (NASA)  is  essentially  equiv- 
alent to  a  priority  indicator  as  used  by  the  Federal  Aviation  Agency  (FAA). 
Both  indicate  the  relative  order  in  which  a  message  is  to  be  handled  or  processed 
with  respect  to  other  messages.  Precedence  designations  and  priority  indicators 
are  assigned  by  the  originator  of  the  message.  They  indicate:  To  the  originator — 
the  required  or  desired  speed  of  delivering  the  message ;  to  communication  per- 
sonnel— the  relative  order  of  processing,  transmitting,  and  delivering  the  message; 
and,  to  the  addressee — the  relative  order  of  importance  or  significance  assigned  to 
the  message.  Messages  of  the  Seismic  Sea  Wave  Warning  System  will  not  be  as- 
signed a  DOD  precedence  higher  than  Immediate,  a  NASA  precedence  higher 
than  Urgent,  or  an  FAA  priority  higher  than  SS.  When  transmitting  messages  of 
Immediate  precedence  over  military  channels,  precede  them  by  a  5-bell  signal. 

6.3.1  Precedence  of  live  messages.  Live  messages  contain  factual  informa- 
tion about  the  occurrence  of  natural  phenomena  that  have  caused  or  that  might 
cause  a  disaster.  Messages  in  this  group  include  requests  to  tide  stations  for  in- 
formation, replies  by  tide  stations  providing  requested  information,  and  tide  re- 
ports. Live  message  normally  are  assigned  Immediate  precedence  preceded  by  a  5- 
bell  signal  when  transmitted  by  DOD  communication  channels,  Urgent  prece- 
dence when  transmitted  by  NASA  channels,  and  55  priority  when  transmitted  by 
FAA  channels. 

6.3.2  Precedence  of  test  messages.  Test  or  dummy  messages  contain  the 
words  TSUNAMI  DUMMY  {see  Section  7,  Communication  Tests) .  Precedence  as- 
signed to  test  messages  is  as  follows :   Immediate,  preceded  by  a  5-bell  signal,  when 
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transmitted  over  DOD  channels;  Urgent  when  transmitted  over  NASA  channels; 
and,  iSS  priority  when  transmitted  over  FAA  channels. 

6.3.3  Precedence  of  routine  messages.  Message  requests  for  instrument 
data,  reports  of  instrument  failure  or  malfunction,  and  general  information  and 
instructions  normally  are  assigned  Routine  precedence  when  transmitted  by  DOD 
and  NASA  channels  and  FF  priority  when  transmitted  by  FAA  channels. 

6.4  Date-time  group 

When  the  message  is  complete,  the  day  of  the  month  and  the  hour  and  minute 
of  the  day  are  entered,  in  Greenwich  Mean  Time,  after  the  precedence  designation. 
In  this  6-digit  group,  the  first  two  figures  indicate  the  day  (01-31),  the  third  and 
fourth  figures  indicate  the  hour  (00-23),  and  the  fifth  and  sixth  figures  indicate 
the  minute  (00-59).  The  letter  identifying  the  time  zone  follows.  Thus,  2:42 
p.m.  on  March  5,  Greenwich  Mean  Time,  reads:  051442Z.  The  date-time  group 
identifies  the  message  and  establishes  the  time  of  its  origin. 

6.5  Greenwich  Mean  Time 

Greenwich  Mean  Time  (G.M.T.),  identified  by  the  letter  Z  in  the  date-time 
group  of  the  message,  is  used  for  all  messages  to  and  from  the  tide  stations.  To 
convert  standard  time  at  Pacific  tide  stations  to  Greenwich  time,  use  the  accom- 
panying conversion  table.  Enter  the  table  on  the  line  designating  the  standard 
time  zone  for  the  station.  Standard  time  zones  are  designated  by  their  central 
meridian  in  column  1  and  by  letter  designator  in  column  2.  To  the  station's 
standard  time,  add  or  subtract  (as  indicated)  the  number  of  hours  in  column  3 
of  the  table.  This  is  the  Greenwich  time.  Be  careful  to  change  the  date  when  the 
difference  changes  the  Greenwich  time  to  the  following  or  preceding  day.  To 
change  the  Greenwich  time  of  a  message  to  the  standard  time  of  the  tide  station, 
enter  the  table  on  the  line  designating  the  standard  time  zone  of  the  station  and 
add  or  subtract  (as  indicated)  the  number  of  hours  in  column  4  of  the  table. 
SPECIAL  NOTE :  The  12th  zone  of  the  standard  time  system  is  divided  by  the 
180th  meridian.  The  half  in  west  longitude  (180°  to  172°  30'W)  is  designated 
zone  Y  and  is  numbered  plus  12;  the  half  in  east  longitude  (180°  to  172°  30'E) 
is  designated  zone  M  and  is  numbered  minus  12. 

Conversion  table  for  Greenwich  Mean  Time 


standard  Time  Zone 
of  tide  station 

Greenwich  Mean  Time  (Z) 

Central 
meridian 

Letter 
designator 

To  convert 
to  Z 

To  convert 
from  Z 

60°W 

Q 

{hours) 

+  4 

(hours) 

-  4 

75°W 

R 

+  5 

-   5 

90°V^ 

S 

+   6 

-   6 

105"W 

T 

+  7 

-   7 

120°W 

U 

+  8 

-  8 

135°W 

V 

+  9 

-   9 

150°W 

w 

+  10 

-10 

165°W 

X 

+  11 

-11 

180° 

w> 

Y 

+  12 

-12 

E^" 

M 

-12 

+  12 

165°E 

L 

-11 

+  11 

150°E 

K 

-10 

+  10 

135°E 

I 

-   9 

+  9 

120°E 

H 

-   8 

+  8 

'  180' 
2  180' 


to  172''30'W. 
to  172°30'E. 
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6.6  Station  designator 

Each  participant  in  the  Warning  System  network — seismic  station,  tide  sta- 
tion, and  dissemination  agency — -is  assigned  a  station  designator  that  is  listed 
in  the  Communication  Plan.  These  designators  shall  be  used  in  all  messages  in 
accordance  with  instructions  contained  in  the  Communication  Plan. 

6.7  Security  classification 

All  Seismic  Sea  Wave  Warning  System  messages  are  transmitted  as  unclas- 
sified material.  This  is  indicated  by  the  designation  UNCLAS  at  the  beginning  of 
the  text  when  messages  are  sent  by  DOD  and  NASA  channels.  The  security  clas- 
sification is  not  required  for  messages  sent  by  FAA  channels. 

6.8  Message  identification 

The  first  word  of  the  text  identifies  the  message  as  a  live  message  or  test  mes- 
sage. Live  messages  begin  with  the  word  TSUNAMI.  Test  messages  begin  with 
the  words  TSUNAMI  DUMMY  . 

6.9  Sample  messages 

Examples  follow  showing  the  form  and  order  of  items  for  messages  as  they 
should  be  given  to  the  communication  station  by  the  tide  observer. 

6.9.1  Message  prepared  for  DOD  communication  channels. 

Example : 

IMMEDIATE    150935Z 

FROM   ATTU   TIDE   OBSERVER 

TO   HONOLULU   OBSERVATORY 

UNCLAS 

TSUNAMI.    WAVE  BEGAN  0920Z.    TIDE   RECORD   SHOWS   WATER   ROSE  0.6 

FOOT   IN    7   MINUTES   AND   FELL    1.8    FEET    IN    5    MINUTES.     STILL    FALLING 

0932Z.    WILL   REPORT  FURTHER. 

6.9.2  Message  prepared  for  NASA  communication  channels. 

Example : 

URGENT  030804Z 

FROM   VALPARAISO  TIDE   OBSERVER 

TO   HONOLULU   OBSERVATORY 

UNCLAS 

TSUNAMI.    NO   UNUSUAL   ACTIVITY   BETWEEN  0600Z  AND  0800Z. 

6.9.3  Message  prepared  for  FAA  communication  channels. 

Example : 

SS   172104Z    ■ 

FROM   CRESCENT  CITY   TIDE   OBSERVER 

TO   HONOLULU   OBSERVATORY 

TSUNAMI.    WAVE  BEGAN  2050Z.    TIDE   RECORD   SHOWS   WATER   ROSE   2.2 

FEET   IN   9   MINUTES.     NOW   FALLING.     WILL  REPORT  FURTHER. 


SECTION  7 

Communication  Tests 

7.1  Test  messages 

It  is  important  that  the  Warning  System  function  efficiently  in  time  of  emer- 
gency. Therefore,  test  messages  are  sent  to  observers  each  month  at  unannounced 
times  to  determine  the  transmission  times  of  messages,  to  keep  communication 
personnel  familiar  with  procedures  for  handling  Warning  System  messages,  and 
to  help  maintain  contact  between  tide  observers  and  personnel  at  local  communi- 
cation stations.  Test  messages  are  identified  by  the  words  TSUNAMI  DUMMY 
at  the  I  eginning  of  the  text  and  are  assigned  precedence,  or  priority,  as  follows: 
Immediate  precedence,  preceded  by  a  5-bell  signal,  when  transmitted  by  DOD 
channels;  Urgent  precedence  when  transmitted  by  NASA  channels;  and,  SS 
priority  when  transmitted  by  FAA  channels.  The  observer  should  follow  any 
special  instructions  in  the  test  message. 

7.2  Test  message  from  Honolulu  Observatory 

IMMEDIATE    101814Z 

FROM   HONOLULU   OBSERVATORY 

TO   ADAK   TIDE   OBSERVER 

UNCLAS 

TSUNAMI    DUMMY.     REPORT   TIME   OF    RECEIPT   OF   THIS    MESSAGE.     MARK 

TIDE    RECORD   AND    REPORT  HEIGHT   AND   TIME   OF   MARK. 

7.3  Test  procedure  at  tide  station 

During  test  messages,  observers  at  tide  stations  follow  the  procedures  out- 
lined below. 

7.3.1  Standard  gage.  Rotate  the  float  drum  to  make  a  vertical  line  on  the 
tide  record — as  is  done  during  the  normal  daily  inspection  of  the  gage.  Use  the 
plastic  tsunami  wave  scale  to  measure  the  height  of  the  vertical  line.  Label  the 
line  on  the  tide  record  to  indicate:  Tsunami  dummy  test,  correct  Greenwich  time, 
and  sea  ed  height  of  the  line  as  shown  in  figure  7. 

7.3  2  Bubbler  gage.  On  the  strip-chart  recorder  of  the  gas-purging  pressure 
tide  gage  (bubbler  gage),  move  the  recording  pen  to  the  right  a  small  amount. 
Label  the  line  made  by  this  movement  as  in  7.3.1  above — tsunami  dummy  test, 
Greenwich  time,  and  height  of  water-level  rise  represented  by  the  line.  CAU- 
TION :   Do  not  move  pen  to  the  left  as  this  can  damage  the  recording  mechanism. 

7.3.3  Remote  recorder.  Draw  an  arrow  to  the  tide  curve  to  indicate  position 
of  recording  pen  at  time  message  is  received  (fig.  8).  Label  the  arrow  tsunami 
dummy  test,  give  Greenwich  time,  and  indicate  height  of  tide  record  at  marked 
point.   DO  NOT  MOVE  THE  PEN. 
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Figure  7. — Tsunami  dummy  test  note  on  standard  gage  tide  record. 


Figure  8. — Tsunami  dummy  test  note  on  remote  recorder  tide  record. 
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7.4  Reply  by  tide  observer 

The  tide  observer  should  reply  to  test  messages  as  soon  as  he  can  provide  the 
requested  information.  An  example  of  the  reply  to  the  test  message  from 
Honolulu  Observatory  in  paragraph  7.2  follows: 

IMMEDIATE    101842Z 

FROM  ADAK      TIDE   OBSERVER 

TO   HONOLULU   OBSERVATORY 

UNCLAS 

TSUNAMI   DUMMY.    YOUR   101814Z  RECEIVED  101830Z.    MARK  HEIGHT  1.6 

FEET  AT   101838Z. 


SECTION  8 

Reporting  Waves  to  Honolulu 
Observatory 

8.1  Reporting  when  not  alerted 

Whenever  an  observer  believes  a  seismic  sea  wave  exists  at  his  station,  or  in 
his  area  of  responsibility,  he  should  send  a  message  to  the  Honolulu  Observa- 
tory. Evidence  of  a  seismic  sea  wave  may  be  based  on  visual  observations,  ap- 
parently reliable  reports,  or  alarm  signals  of  the  seismic  sea  wave  detector. 

8.1.1  Procedure  when  not  alerted.  The  message  to  Honolulu  Observatory 
should  tell  as  much  as  is  known  about  the  wave — its  time  of  arrival  and  its  size, 
and  the  source  or  basis  of  the  information.  When  possible,  confirm  reports  and 
alarm  signals  before  sending  the  message.  This  procedure,  however,  should  not 
unduly  delay  sending  of  the  message.  Alarms  that  are  obviously  false  should  not 
be  reported.  If  the  tide  gage  cannot  be  visited  prior  to  sending  the  message,  send 
the  message  and  then  go  immediately  to  the  gage  to  verify  existence  of  a  seismic 
sea  wave  and  to  obtain  information  about  it.  Send  this  information  to  Honolulu 
Observatory  as  soon  as  possible.  Continue  to  watch  the  tide  record  and  send 
any  additional  information  to  the  Honolulu  Observatory. 

8.1.2  Precedence  of  message  when  not  alerted.  The  precedence  for  live  mes- 
sages (see  6.3.1)  is  assigned  to  all  reported  occurrences  of  seismic  sea  waves. 
After  alerting  the  Honolulu  Observatory,  all  subsequent  messages  pertaining  to 
the  alert,  including  any  notification  of  a  false  alarm,  are  assigned  the  same  high 
precedence. 

8.2  Reporting  when  alerted 

The  Honolulu  Observatory — after  determining  the  location  of  a  large  earth- 
quake in  the  Pacific — alerts  those  tide  stations  which  are  likely  to  experience 
seismic  sea  waves.  Personnel  at  the  Observatory,  by  means  of  traveltime  charts 
constructed  for  each  tide  station,  can  determine  approximately  when  the  waves 
of  any  generated  tsunami  will  reach  a  given  tide  station.  In  predicting  the  ar- 
rival time  of  seismic  sea  waves,  allowance  is  made  for  uncertainties  about  the 
rate  of  wave  travel  across  inadequately  surveyed  areas  of  the  ocean  and  for  un- 
certainties about  the  precise  location  of  the  earthquake.  Consequently,  messages 
to  tide  stations  usually  instruct  tide  observers  to  examine  the  tide  record  for  any 
unusual  disturbance  during  a  period  of  1  to  3  hours. 

8.2.1  Procedure  when  alerted.  When  the  observer  is  requested  to  watch  the 
tide  record  for  unusual  disturbances  during  an  alert  period,  he  should  proceed  as 
follows.  First,  acknowledge  the  alert  promptly.  An  example  of  the  acknowledg- 
ment message  text  follows: 

TSUNAMI.     YOUR    041024Z    RECEIVED    041032Z.     WILL    COMPLY. 
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Next,  examine  the  tide  record  and  instrumentation.  Continue  to  watch  the  record 
as  requested.  Examine  the  past  tide  record  to  determine  the  existence  and  char- 
acter of  any  seismic  sea  waves.  It  is  important  to  transmit  preliminary  data  to 
Honolulu  Observatoiy  promptly.    Provide  additional  detail  in  later  messages. 

8.2.2  Precedence  for  messages  during  an  alert.  All  messages  pertaining  to 
a  tsunami  alert  are  assigned  live  message  precedence,  or  priority,  as  specified  in 
paragraph  6.3.1. 

8.3  Reporting  an  unusual  disturbance 

If  the  tide  record  shows  that  an  unusual  disturbance  has  occurred,  the  time 
and  height  of  the  wave  should  be  reported  to  Honolulu  Observatory  at  once.  If 
an  unusual  disturbance  is  being  recorded  as  the  observer  examines  the  record, 
report  the  time  at  which  the  disturbance  commenced  and  the  change  (rise  or 
fall)  in  water  level  to  the  time  the  observer  left  the  gage.  If  the  observer  is  not 
sure  that  the  disturbance  is  a  seismic  sea  wave,  he  should  report  immediately, 
giving  a  description  of  the  observed  phenomenon.  Additional  details  should  be 
reported  in  later  messages. 

8.4  Reporting  when  disturbance  does  not  occur 

If  an  unusual  disturbance  does  not  occur  during  an  alert  period  as  specified 
in  the  Honolulu  Observatory  message,  the  observer  should  so  inform  Honolulu 
Observatory  at  the  end  of  the  period.     Example: 

TSUNAMI.    NO   UNUSUAL   DISTURBANCE    1500Z  to   1 700Z. 


SECTION  9 

Illustrative  Examples 


To  aid  observers  in  interpreting  tide  records  and  to  provide  guidelines  in 
preparing  messages,  samples  of  tide  records  and  of  messages  relating  thereto 
are  presented  in  this  section.  The  tide  records  are  selected  from  Coast  and  Geo- 
detic Survey  files  to  illustrate  various  wave  conditions,  without  regard  to  date  and 
source.  The  sample  messages  simulate  those  which  might  be  sent  during  the  se- 
quence of  events  depicted  by  the  tide  records. 

Figures  9  and  10  show  normal  tide  records  with  varying  wave  action  pro- 
duced by  winds.  Figure  10  also  shows  seiche  oscillations.  Figures  11  through  26 
show  records  of  seismic  sea  waves.  The  simulated  queries  and  replies  with 
figures  9  through  14  relate  to  the  observed  conditions  and  the  messages  that 
might  have  been  sent  by  the  Honolulu  Observatory  and  by  observers  at  the  tide 
stations.  The  times  of  the  observers'  replies  are  indicated  on  some  tide  curves  as 
points  A,  B,  or  C  according  to  the  chronological  sequence  of  the  message.  Only 
the  texts  of  the  messages  are  given  in  the  examples.  For  samples  of  complete 
messages,  including  precedence  or  priority  indicator,  date-time  group,  station  des- 
ignators, security  classification,  and  type-of-message  identification,  see  para- 
graph 6.9.  In  figures  15  through  26,  additional  samples  of  seismic  sea  waves  are 
shown  without  messages. 
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Station  A 


17 


18 


Figure  9. — Normal  tide  records  showing  wind  waves. 


Tide  records  for  the  three  stations  show  varying  amounts  of  pencil  motion 
caused  by  differences  in  gage  exposures  and  in  size  of  intake  openings  in  stilling 
wells. 

Stations  A,  B,  and  C  might  have  received  the  following  message  from  Hono- 
lulu Observatory: 

TSUNAMI.  EARTHQUAKE  OCCURRED  Z.  LAT LONG OB- 
SERVE TIDE  RECORD  1 600Z  TO  1800Z.  REPORT  ANY  UNUSUAL  ACTIVITY 
IMMEDIATELY  OR  REPLY  NEGATIVE  AT  1 800Z.  ACKNOVVLEDGE  RECEIPT  OF 
THIS   MESSAGE   IMMEDIATELY. 

Each  station,  after  acknowledging  the  message  immediately,  might  reply  as  fol- 
lows at  1800Z: 

TSUNAMI.     NO   UNUSUAL  ACTIVITY   BETWEEN    1600Z   AND    1 800Z. 
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Figure  10. — Tide  records  showing  wind  waves  and  seiche  oscillations. 


It  is  difficult  sometimes  to  distinguish  seiche  (pronounced  saysh)  oscillations 
from  small  seismic  sea  waves.  Both  types  of  waves  can  have  the  same  period — 
the  time  between  successive  crests  at  a  given  point.  At  stations  D  and  F,  the 
seiche  oscillations  have  a  period  of  about  12  to  15  minutes ;  at  station  E,  the  period 
is  about  30  minutes.  Seiche  action  usually  is  caused  by  meteorological  conditions 
and  intensified  by  the  resonance  characteristics  of  the  harbor. 

An  identifying  feature  of  seiches  is  their  gradual  growth  in  size  over  a 
period  of  hours,  whereas  the  onset  of  a  seismic  sea  wave  is  identified  by  a  sudden 
change  in  wave  pattern  on  the  tide  record.  In  figures  15,  17,  21,  and  23,  seiche 
oscillations  precede  the  seismic  sea  waves. 

Any  query  relative  to  unusual  activity  on  the  tide  records  for  stations  D,  E, 
and  F  between  1600Z  and  1800Z  might  have  been  answered  as  follows: 

TSUNAMI.     NO   UNUSUAL  ACTIVITY   BETV/EEN    1600Z  AND    1800Z.     SEICHE 
OF    .  .    FOOT  HAS   BEEN   ACTIVE   FOR    .  .    HOURS  OR  MORE. 
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Figure  11. — Seismic  sea  wave  recorded  at  La  Jolla,  Calif.,  (scale 
1:12)  and  Hilo,  Hawaii,  (scale  1:6)  following  earthquake 
near  California  at  1351Z,  November  4,  1927. 


The  observer  at  La  Jolla  might  have  received  the  following  query 
from  Honolulu  Observatory  at  1430Z: 

TSUNAMI.  EARTHQUAKE  OCCURRED  1351Z.  LAT LONG OB- 
SERVE TIDE  RECORD  1400Z  TO  1600Z.  REPORT  ANY  UNUSUAL  ACTIVITY 
IMMEDIATELY  OR  REPLY  NEGATIVE  AT  1600Z.  ACKNOWLEDGE  RECEIPT  OF 
THIS  MESSAGE  IMMEDIATELY. 
The  observer's  sequence  of  messages  to  Honolulu  Observatory,  begin- 
ning with  immediate  acknowledgment,  might  read  as  follows: 

TSUNAMI.     YOUR   041422Z    RECEIVED   041430Z.    WILL  COMPLY. 
At  1530Z,  time  A  on  the  tide  record : 

TSUNAMI.     SMALL    POSSIBLE    DISTURBANCE  TO  TIDE  RECORD  BEGAN  ABOUT 
1510Z.    WATER  ROSE  0.1    FOOT  IN  5  MINUTES.    FELL  0.3  FOOT  IN  10  MIN- 
UTES.    WILL   REPORT   FURTHER. 
At  1540Z,  time  B  on  the  tide  record: 

TSUNAMI.  DISTURBANCE  TO  TIDE  RECORD  1510Z  IS  DEFINITE  BUT  WAVE 
IS  VERY  SMALL.  WATER  ROSE  0.2  FOOT  BETWEEN  1527Z  AND  1532Z. 
FELL  0.3  FOOT  BY  1538Z.  WILL  NOT  REPORT  AGAIN  UNLESS  WAVE  GETS 
LARGER. 
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Figure  12. — Seismic  sea  wave  recorded  at  Massacre  Bay,  Attu    Island,   Alaska,    (scale    1:12)    and   Honolulu,   Hawaii, 
(scale  1:6)  following  earthquake  off  Honshu,  Japan,  at  0436Z,  December  7,  1944. 

The  observer  at  Attu  might  have  received  the  following  message  from  Hono- 
lulu Observatory  at  0900Z: 

TSUNAMI.  EARTHQUAKE  OCCURRED  0436Z.  LAT.  .  .  .  LONG.  ...  OB- 
SERVE TIDE  RECORD  0900Z  TO  llOOZ.  REPORT  ANY  UNUSUAL  ACTIVITY 
IMMEDIATELY  OR  REPLY  NEGATIVE  AT  llOOZ.  ACKNOWLEDGE  RECEIPTOR 
THIS   MESSAGE    IMMEDIATELY. 

The  observer's  sequence  of  messages  to  Honolulu  Observatory,  beginning  with 
immediate  acknowledgement,  might  read  as  follows: 

TSUNAMI.     YOUR    070822Z   RECEIVED    070900Z.     WILL   COMPLY.    . 

At  1015Z,  time  A  on  the  tide  record: 

TSUNAMI.  UNUSUAL  DISTURBANCE  BEGAN  1003Z.  WATER  FELL  0.6  FOOT 
IN    10  MINUTES.     STILL   FALLING. 

At  1032Z,  time  B  on  the  tide  record: 

TSUNAMI.  WATER  BEGAN  FALLING  1003Z.  FELL  0.7  FOOT  BY  1 01 5Z.  THEN 
ROSE  0.4  FOOT  IN  5  MINUTES,  FELL  0.7  FOOT  IN  5  MINUTES,  ROSE  1.5 
FEET  IN  5  MINUTES.  NOW  FALLING.  SHIPS  HAVING  TROUBLE  HOLDING 
MOORINGS.  NO  DAMAGE  ON  SHORE.  WILL  NOT  REPORT  AGAIN  UNLESS 
WAVE   BECOMES    LARGER. 
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Honolulu 


Figure  13. — Seismic  sea  wave  recorded  at  Pago  Pago,  American   Samoa,    (scale  1:12)    and  Honolulu,  Hawaii,    (scale 
1:6)  following  earthquake  near  Tonga  Islands  at  1509Z,  September  8,  1948. 

The  observer  at  Pago  Pago  might  have  received  the  following  query  from 
Honolulu  Observatory  at  1802Z: 

TSUNAMI.  EARTHQUAKE  OCCURRED  1  509Z.  LAT LONG EX- 
AMINE TIDE  RECORD  FOR  UNUSUAL  ACTIVITY  BETWEEN  1600Z  AND  1800Z. 
REPORT  ANY  UNUSUAL  ACTIVITY  IMMEDIATELY  OR  REPLY  NEGATIVE  AT 
1800Z. 

After  acknowledging  the  message,  and  then  visiting  the  tide  gage,  the  observer's 
message  to  Honolulu  Observatory  at  1812Z,  time  A  on  the  tide  record,  might  read 
as  follows: 

TSUNAMI.  SEISMIC  SEA  WAVES  SHOW  DISTINCTLY.  AFTER  SLIGHT  RISE 
WATER  BEGAN  TO  DROP  SUDDENLY  AT1615Z.  THERE  WERE  THREE  WAVES 
OF  0.5  FOOT  HEIGHT  BY  1705Z.    WAVES  THEN  QUIETED  DOWN. 
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Figure  14. — Simulated  example  of  seismic  sea  wave  on  remote  recorder  chart  paper. 
Greenwich  Mean  Time  is  indicated  to  right  of  tide  record — corrected  for  a  time 
difference  of  ^10  hours. 


At  about  0435Z,  the  tide  observer  might  have  received  the  following  message 
from  Honolulu  Observatory: 

TSUNAMI.  EARTHQUAKE  OCCURRED  0302Z,  LAT LONG EXAM- 
INE TIDE  RECORD  0400Z  to  0600Z.  REPORT  ANY  UNUSUAL  ACTIVITY  IM- 
MEDIATELY. 

After  acknowledging  the  message,  the  observer  should  have  immediately  checked 
the  tide  record.    Then  the  following  sequence  of  messages  might  have  been  sent. 

At  0440Z,  time  A  on  the  tide  record : 

TSUNAMI.  UNUSUAL  DISTURBANCE  BEGAN  ABOUT  0415Z.  WATER  ROSE 
0.5  FOOT  IN  5  MINUTES.  FELL  0.7  FOOT  IN  15  MINUTES.  WILL  REPORT 
FURTHER. 

At  0525Z,  time  B  on  the  tide  record : 

TSUNAMI.  WATER  BEGAN  RISING  04  1  5Z.  ROSE  0.5  FOOT  IN  5  MINUTES. 
FELL  0.7  FOOT  IN  15  MINUTES.  ROSE  1.3  FEET  IN  15  MINUTES.  THEN  FELL 
1.5  FEET  BY  0517Z. 

At  0555Z,  time  C  on  the  tide  record : 

TSUNAMI.  WAVE  SIZE  CONTINUES  TO  INCREASE.  WATER  ROSE  2.5  FEET 
FROM  0517Z  TO  PEAK  AT  0545Z.  NOW  FALLING.  SHIPS  HAVING  TROUBLE 
HOLDING  MOORINGS.  NO  DAMAGE  ON  SHORE.  WILL  CONTINUE  TO  RE- 
PORT   UNTIL    WAVES    BEGIN    TO    DIMINISH. 
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Figure  15. — Honolulu  tide  record   (scale  1:6)   showing  seismic  sea  wave  produced  by  earthquake  off  coast  of  Chile  at 
0432Z,  November  11,  1922.    The  first  wave  arrived  about  1928Z.   Seiche  oscillations  were  recorded  about  1600Z  to  1700Z. 
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Figure  16. — Honolulu  tide  record   (scale  1:6)   showing  seismic  sea  wave  produced  by  earthquake  near  Kamchatka  at 
1602Z,  February  3,  1923.    This  tsunami  caused  damage  in  the  Hawaiian  Islands. 
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Figure  17.- — Hilo  tide  record  (scale  1:6)  showing  seismic  sea  wave  produced  by  earthquake  off  coast  of  Mexico  at  0319Z, 
June  17,  1928.    The  first  wave  arrived  about  1145Z.    Seichs  oscillations  precede  the  tsunami. 


Figure  18. — Honolulu  tide  record   (scale  1:6)   showing  seismic  sea  wave  produced  by  earthquake  near  Alaska  Penin- 
sula at  2019Z,  November  10,  1938.  The  wave  period  of  35  minutes  is  rather  long  and  unusually  constant. 
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Figure  19. — Tide  record  (scale  1:24)  for  Neah  Bay  near  Cape  Flattery,  Wash.,  showing  seismic  sea  wave  produced  by 

earthquake  in  Aleutian  Trench  at  1'229Z,  April  1,  1946. 


This  was  the  tsunami  that  was  so  destructive  in  the  Hawaiian  Islands  (fig. 
22).  The  wave  was  much  larger  along  the  California  (fig.  20)  and  Peru  (fig.  21) 
coasts.  Hence,  even  small  waves  should  be  reported,  for  a  wave  that  is  small  at 
one  place  can  be  large  and  destructive  at  another  location. 
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Figure  20. — Tide  record  (scale  1:12)  for  Avila  Beach,  San  Luis 
Obispo  Bay,  Calif.,  showing  seismic  sea  wave  produced  by 
earthquake  in  Aleutian  Trench  at  1229Z,  April  1,  1946. 
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Figure  21. — Callao,  Peru,  tide  record  (scale  1:12)  showing  seismic  sea  wave  produced  by  earthquake  in  Aleutian 
Trench  at  1229Z,  April  1,  1946.  The  first  wave  arrived  about  0435Z.  Seiche  oscillations  and  wind  waves  precede 
the  tsunami  waves. 
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Figure  22. — Honolulu  tide  record  (scale  1:6)  showing-  seismic 
sea  wave  produced  by  earthquake  in  Aleutian  Trench  at 
1229Z,  April  1,  1946. 


H-20 


This  tsunami  caused  173  deaths  and  property  damage  amounting  to 
$25,000,000  in  the  Hawaiian  Islands. 
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Figure  23. — Tide  record  (scale  1:12)  for  Kahului,  Maui,  Hawaiian  Islands  showing  seismic  sea  wave  produced  by 
earthquake  off  Hokkaido,  Japan,  at  0123Z,  March  4,  1952.  The  first  wave  arrived  about  0855Z.  Seiche  oscillations 
and  wind  waves  precede  tsunami  waves. 
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Figure  24. — Adak  tide  record   (scale  1:12)   showing  seismic  sea  wave  produced  by  earthquake  off  Kamchatka  at  1658Z, 

November  4,  1952. 


Observers  at  Adak  and  Attu  reported  this  tsunami  to  Honolulu  Observatory 
in  time  to  warn  other  areas  (see  figs.  25  and  26). 
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Figure  25. — Midway  tide  record    (scale  1:12)    showing  seismic  sea  wave  produced  by  earthquake  off  Kamchatka  at 
1658Z,  November  4,  1952.    Crests  of  tsunami  waves  covered  the  wharf  at  the  tide  gage. 
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Wave  reports  from  tide  stations  at  Adak 
(fig.  24)  and  Attu  were  received  in  time  to 
issue  warnings  and  evacuate  waterfront 
areas.  Property  damage  amounted  to  about 
800,000  but  lives  were  not  lost. 
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Figure  26. — Honolulu  tide  record  (scale  1:6)  show- 
ing seismic  sea  wave  produced  by  earthquake  off 
Kamchatka  at  1658Z,  November  4,  1952. 
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ABSTRACT 

Tests  have  been  conducted  on  three  analytical  processes  and  the  results  have  been  examined  by 
statistical  and  power  spectral  techniques.  The  various  one-year  series  of  hourly  heights  processed  com- 
prised (a)  two  sets  of  real  observations  containing  a  major  contribution  from  long  period  noise,  (b)  a 
set  of  real  observations  containing  tidal  or  semi-diurnal  noise,  and  (c)  a  set  of  synthetic  (noise-free) 
data.  For  real  data,  the  residuals  (observed  minus  predicted)  were  evaluated  for  total  energy  (variance) 
and/or  energy  per  frequency  band.  The  stability  of  derived  constants  for  one  station  was  tested  by  pre- 
diction with  constants  from  the  analysis  of  the  previous  year's  data.  For  synthetic  data,  the  results 
from   analysis   were   compared  with   the   input  constituents. 

INTRODUCTION 

We  wish  to  stress  very  strongly  that  this  paper  constitutes  only  an  interim  report.  There 
are  many  calculations  that  have  not  yet  been  made  and  therefore  our  results  are  not  necessa- 
rily firm   conclusions. 

Why  did  we  decide   upon  this   line   of  investigation    ?    There   are   many   answers   and  we  list 

the   most   important    : 

1/   The  computer  has   opened  the   door  to   new   approaches   to   analysis   and  it   is   necessary 

to  objectively   evaluate   these. 

2/  There  have  been  analytical  evaluations  of  tidal  techniques  made  by  others.  By  and 
large,  these  have  been  with  synthetic  noise-free  data.  The  paper,  "Superresolution  of  Tides" 
by  MUNK  and  HASSLEMANN  stresses  the  importance  of  the  signal  to  noise  ratio  in  solving  for 
tidal  lines  close  together  in  frequency.  Therefore  we  agreed  to  concentrate  on  real  data.  Fur- 
thermore, we  agreed  to  select  sets  of  data  that  have  significant  noise  at  different  portions  of 
the  frequency  range. 

3/  To  a  large  extent,  different  analysis  techniques  have  evolved  in  various  countries  and 
little    effort  has  been  expended   in  objective   comparisons.    Our   paper   is   a  modest   start  in  this 

direction. 

4/  Finally,  and  possibly  the  most  important,  we  were  aware  of  Dr  MUNK'S  revolutionary 
approach    to  tide   predictions   and   decided   it  would  be  well  to   develop  a  yardstick  by  which  his 

results   could  be   compared. 

Our  first  efforts  were  directed  to  obtaining  the  variance  of  the  residual  data  when  pre- 
dictions were  subtracted  from  the  observations  and  then  normalized  in  the  sense  that  the  alge- 
braic sum  was  made  equal  to  zero.  It  very  quickly  became  obvious  that  a  more  refined  pro- 
cedure was  needed  as  the  small  differences  between  total  variances  looked  insignificant.  It  was 
decided  to  calculate  the  power  spectra  of  the  residuals  and  to  compare  residual  energy  at  va- 
rious frequencies. 
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In  considering  the  degree  of  resolution  for  our  power  spectrum  analysis,  we  were  con- 
cerned primarily  with  separating  the  species,  minimizing  the  computer  effort,  and  having  suf- 
ficient degrees  of  freedom  to  have  reasonable  confidence  in  the  results.  Inasmuch  as  the  data 
is  hourly,  the  Nyquist  frequency  is  12  cycles  per  day.  Using  100  lags  in  the  autocorrelations, 
we  get  a  "delta  f"  of  ,  12  cpd  which  essentially  separates  the  species  by  about  eight  values  , 
a  satisfactory  separation.  The  degrees  of  freedom  in  a  Tukey  analysis  is  roughtly  2N/M,  where 
N  is  the  number  of  data  points  and  M  is  the  number  of  lags  used  in  the  autocorrelations.  For 
a  year  of  data,  we  have  about  17,000/100,  or  170  degrees  of  freedom,  a  rather  conservative 
and   satisfactory   number. 

We  note  that  Drs.  MUNK  and  CARTWRIGHT  have  used  a  different  concept  in  calculating 
residual  energy  in  particular  narrow  frequency  bands  by  summing  the  energy  for  each  harmo- 
nic within  these  bands.  We  have  no  quarrel  with  this  technique  provided  that  some  tests  are 
conducted  at  higher  frequencies,  possibly  4  to  10  cpd,  to  insure  that  they  are  matching  the 
data  for  those  stations  having  significant  energy  in  these  frequency  ranges.  Thus,  possibly  the 
m.ost  important  aspect  of  this  paper  is  that  it  invites  a  discussion  of  the  criteria  for  evaluating 
analysis   procedures. 

THE   DATA 

Figure  1  shows  a  statistical  comparison  of  the  tests  completed  so  far.  Atlantic  City  was 
chosen  as  a  station  having  a  high  noise  level  primarily  at  low  frequencies.  It  is  directly  on 
the  open  coast  of  the  United  States  and  the  shallow  water  fetch  is  very  short.  Hence,  the  non- 
linear interaction  terms  are  very  small.  However  the  station  is  wide  open  to  the  effect  of  all 
storms  on  the  North  Atlantic.  One  expects  therefore  that  most  of  the  noise  will  be  produced 
by   storms  having  effective   periods   of  greater  than  a  day. 


Residuals  from  analysis   of  tidal  data 
(energy  in  feet^) 


Analysis 

P 

rediction 

Residuals 

Tidal  Station                          Method 

Observed 

Energy 

Year 

^°-    °^  Method 
const. 

Total 

Near 
2   cpd 

Tests   on  data   containing  long   period   noise 

Atlantic  City  (1939)   C&GS  (S.P.    #  98) 

2.6236 

1939 

14        BOMM 

.3224 

.0069 

Atlantic  City  (1939)   Least   squares 

2,6236 

1939 

37        (•) 

.3196C) 

Atlantic  City  (1939)   Doodson  (on  IBM  1620) 

2.6236 

1939 

59        Lennon 

.3158 

.0047 

Tests   for   stability  of  derived   constants 

Atlantic  City  (1939)   Least   squares 

2.5997 

1940 

37        BOMM 

.3042 

.0075 

Atlantic  City  (1939)   Doodson  (on  IBM  1620) 

2.5997 

1940 

59        Lennon 

.3022 

.0051 

Tests   on   data   containing   short   period  noise 

Swansea  (1961-62)      Least  squares 

66.8968 

1961-62 

3.7        BOMM 

.5219 

.1628 

Swansea  (1961-62)      Doodson  (on  IBM  1620) 

66.8968 

1961-62 

60        Lennon 

.4462 

.1065 

(•)   Least  squares   analysis   (Harris-Pare-Cummings)  furnishes  factor  for   reduction  of  variance  . 

Figure   1 
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The  first  set  of  data  shows  the  result  for  three  different  analysis  methods  using  1939 
Atlantic  City  observations.  The  first  of  the  methods  described  in  C.  &  G.  S.  Publication  98  , 
was  done  for  only  14  constituents.  Except  for  stencil  summing,  this  method  has  not  been  mo- 
dified for  computer  usage  and  requires  a  considerable  number  of  man  hours,  particularly  if 
many  constituents  are  sought.  The  Coast  and  Geodetic  Survey  recently  adopted  the  Harris-Pore- 
Cummiings  least  squares  program  for  the  analysis  of  a  year  of  data.  This,  as  of  now,  includes 
only  the  37  constituents  traditionally  sought  by  the  Coast  Survey  but  the  program  is  readily 
modified  to  include  additional  constituents  if  they  appear  to  be  significant.  The  DOODSON  ana- 
lysis  gave  values   for  59  constituents,   the  60  th  being   calculated  and  found  insignificant. 

The  variance  of  the  residual  is  calculated  in  the  least  square  analysis  program  and  there- 
fore a  power  spectrum  analysis  was  not  made  of  the  1939  residuals.  Subsequent  tests  indi- 
cated a  possible  small  deviation  from  true  value  for  the  variance  of  the  residuals,  and  the 
.3196    shown   may  be   slightly   inaccurate. 

In  any  case,  the  DOODSON  analysis  gave  the  best  results  and  thus  the  question  was  raised 
as  to  whether  this  was  due  to  the  additional  constituents  determined  by  this  method.  This  is 
discussed   at   a   later    point    in   this    text. 

The  second  comparison  shows  the  results  using  1939  harmonic  constants  to  predict  for 
194  0,  thus  testing  the  stability  of  the  derived  constants.  1940  appears  to  have  been  somewhat 
less  noisy  than  1939,  this  being  based  on  observed  energy  and  total  residual  energy.  Again  the 
DOODSON  analysis  gave  better  results,   essentially  the  entire  improvement   coming   at   two   cycles 

per   day. 

Similar  results  were  obtained  in  analysing  Swansea,  a  station  with  less  noise  in  the  low 
frequencies   and  more   in   the   tidal  frequencies. 

Tests  were  also  made  with  synthetic  (predicted)  data  for  Port  Gladstone.  The  tidal  cons- 
tants for  both  analysis  methods  matched  the  input  data  well,  most  differences  being  small. 
These  remain  to  be  predicted  and  subtracted  from  the  synthetic  set  and  the  variances  of  the 
residuals  obtained.   Possibly  we  will  also  do  power  spectrum  analysis  of  the  two  sets  of  residuals. 

Figure  2  shows  a  plot  of  daily  sea  level  at  Atlantic  City.  Essentially  sea  level  is  boun- 
cing up  and  down  like  a  rubber  ball,  the  extreme  range  being  comparable  to  the  mean  tidal 
range.    There    does    not    appear   to  be   a   systematic   pattern  to   the  high  frequency  oscillations   ; 

only  Sa   and  Ssa  are   computed. 

Figure  3  shows  the  spectral  results  for  Atlantic  City  (1940)  which  are  almost  equal  except 
immediately  at  2  cpd.  The  continuous  line  is  fromi  DOODSON  residuals  and  the  dotted  line  from 
least  squares.  Note  that  the  vertical  scale  is  logarithmic  and  that  about  98  %  of  the  energy  is 
concentrated   in  the  low  frequencies. 

In  figure  4  the  results  are  somewhat  different.  To  begin  with,  the  residual  energy  for 
Swansea  is  not  concentrated  to  the  same  extent  in  the  low  frequencies.  The  two  curves  vary 
comparably  again  at  2  cpd,  but  there  is  a  larger  anomaly  near  the  lunar  sixth  diurnal  term. 
In  this  region  of  the  spectrum,  the  additional  compound  terms  appear  to  have  given  the  DOODSON 
method  a  substantial  advantage  and  this  indicates  to  the  Coast  Survey  the  need  for  additional 
constituents  for   such   a   tidal   regime. 

The  gap  at  2  cpd  is  miore  perplexing.  DOODSON  uses  six  more  semidiurnal  constituents 
than  the  Coast  Survey.  However,  when  the  energies  of  these  six  are  added,  using  E  =  l/2  a 
where  a  is  the  amplitude,  the  observed  difference  at  both  Atlantic  City  and  Swansea  is  signi- 
ficantly greater  than  the  sum  of  the  energies  for  these  six  constituents.  This  would  appear  to 
demonstrate  the  superior  quality  of  the  DOODSON  method  and  makes  one  -wonder  about  the  accu- 
racy of  a  least  square  procedure  which  is  designed  to  minimize  the  residual  variance,  the  para- 
meter being  used   in   these   tests   for   our   evaluations. 

We  reserve  judgment  however  because  the  summation  of  energy  is  a  tricky  affair.  For 
example,  if  we  have  a  pure  cosine  curve  with  an  amplitude  of  10,  its  energy  is  50.  If  we 
subtract  a  curve  of  the  same  speed  and  initial  phase  but  with  an  amplitude  of  9,  we  get  a 
residual  curve  with  amplitude   of   1    and  energy   of   0.5.    Thus,    with   a   curve  of  energy  40.5,    we 
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have  achieved  a  reduction  of  energy  of  49,5.  This  demonstrates  that  extreme  caution  is  needed 
before  jumping  to  conclusions  based  purely  on  energy  values.  It  also  shows  that  an  amplitude 
derived  relatively  poorly  from  analysis  (but  with  proper  phase)  does  almost  as  well  as  a  per- 
fect  result   provided  that  residual   energy  is   the   criterion. 

This, exercise  has  offered  the  opportunity  to  compare  the  efficiency  of  the  long-established 
techniques  of  DOODSON  with  more  modern  processes  designed  to  take  advantage  of  electronic 
digital  computers.  The  DOODSON  process  has  certain  limitations  in  its  requirement  for  con- 
tinuous data  of  a  specific  length,  in  this  case  358  days.  Again,  it  was  realized  from  the  start 
that  certain  limitations  upon  accuracy  were  present,  these  being  imposed  by  the  minimizing 
of  correction  processes  when  hand  computation  was  the  order  of  the  day.  It  was  with  some 
surprise  that  the  authors  found  the  DOODSON  process  gave  results  comparable  with  those  of 
more   rigorous   techniques. 

FUTURE    PLANS 

As  a  minimum,  we  plan  to  do  comparable  analysis  using  the  MURRAY  least  square 
program,  to  do  again  the  demonstrated  analyses  expanding  the  Coast  Survey  program  to  include 
some   additional  constituents,    and  to   calculate   the   residual  energies  for   Port  Gladstone. 

We  hope  to  become  involved  in  tests  that  combine  the  above  procedures  with  evaluations 
of   data  from   Dr.    MUNK'S   proposed  methods. 


OBSERVATIONS   SUR   LA   COMMUNICATION   DU   Dr   ZETLER 

Dr  CARTWRIGHT.  I  quite  agree  with  the  principle  of  this  sort  of  analysis.  We  also  found  at  Newlyn 
that  neglect  of  a  few  small  constituents  caused  a  surprising  increase  in  residual  energy.  Those  neglected 
were  triple  terms  which  we  had  ignored,  but  are  included  in  DOODSON'S  list  which  we  used  for  the 
harmonic  analysis.  The  increased  residuals  at  2  and  6  C.P.D.  shown  by  M.  ZETLER  suggest  that  the 
U.S.C.G.    method   also   neglected  triple   constituents.    Is   this   so    ? 

Dr  LENNON.  I  have  just  been  searched  my  papers  for  the  names  of  6  semi-diurnals  in  question  ;  these 
are    OQj ,    MNSj,    OP2  ,    MKSj  ,    MSN^ ,    KJj    and  so  include   some   at  least  of   the   triple   terms   which   Dr. 

CARTWRIGHT  has    in  mind. 

J^  FRANCO.  On  voit  tr6s  bien  maintenant  que  la  m6thode  de  DOODSON  pour  la  dur6e  d'une  ann6e 
d'observations  donne  des  r^sultats  comparables  a  la  m^thode  des  moindres  carr^s.  En  fait  les  diffe- 
rences, en  faveur  de  la  m^thode  de  DOODSON  peuvent  provenir  du  plus  grand  nombre  de  composantes 
semi-diurnes  et  sixifemes  diurnes  qui  y  sont  consid6r6es.  Mais  il  ne  faut  pas  oublier  que,  sauf  pour 
la  separation  des  esp^ces,  c'est-a-dire  pour  la  separation  des  composantes  de  mfeme  indice,  oblenue 
par  la  methode  journaliere,  la  methode  de  DOODSON  est  une  stricte  approximiation  de  la  methode  des 
mioindres  carr^s,  appliqu^e  en  succession.  En  fait,  les  multiplicateurs  journaliers,  comme  les  multi- 
plicateurs  mensuels  sont  les  indices  les  plus  proches  que  I'on  obtient  en  arrondissant  le  double  des  co- 
sinus  et  des  sinus,  resultant  de  I'application  directe  de  la  methode  des  moindres  carr^s.  Dans  ces 
conditions  il  ne  nous  semble  pas  etonnant  que  les  r^sultats  soient  semblables.  Malgr6  la  classification 
que  nous  a  donn6e  M.  GODIN  de  la  methode  de  DOODSON,  nous  pouvons  assurer  que  toutes  les  opera- 
tions que  nous  y  trouvons  sont  bien  logiques  mais  qu'il  faut  du  temps  pour  les  comprendre  d'aprfes  les 
ouvrages  originaux  de  son  auteur.  En  realite,  la  recherche  des  multiplicateurs  pour  le  precede  jour- 
nalier  est  trfes  difficile  si  I'on  suit  I'auteur,  mais  si  on  utilise  la  methode  algebrique  d'Aragnol,  cette 
recherche   n'est   pas   difficile. 


182 


37 


Reprinted  from  SCIENCE  Vol.  15^,  No.  375^ 


eetin2;s 


Pacific  Science  Congress 

The  largest  scientific  meeting  ever 
held  in  Japan  was  the  Eleventh  Pa- 
cific Science  Congress  at  the  Tokyo 
University,  22  August-4  September 
1966.  There  were  nearly  6000  regis- 
trants from  82  countries,  including 
2200  non-Japanese  of  which  800  were 
American.  This  report  attempts  only  to 
touch  upon  some  of  the  geologic  as- 
pects of  this  complex  and  multipurpose 
congress. 

Several  sessions  were  devoted  to  the 
orogenesis  of  the  Pacific  area.  With- 
out doubt  the  most  popular  word  used 
by  these  speakers  was  "geosyncline" 
with  its  many  sesquipedalian  variants. 
Unfortunately  the  term  means  many 
things  to  many  people,  thus  resulting 
in  much  semantic  confusion.  While  it 
was  universally  agreed  that  folded 
mountains  develop  from  thick  geosyn- 
clinal  prisms,  geologists  now  examin- 
ing the  corpus  delicti  do  not  agree  as 
to  the  nature  of  the  geosyncline  when 
it  was  alive.  Was  it  a  deep  sea  trench, 
a  continental-swale  or  a  continental- 
rise  sedimentary  prism?  Although  great 
progress  was  apparent  in  regional 
geologic  studies,  and  especially  so  by 
the  Soviets  in  Siberia  and  Kamchatka, 
I  received  the  impression  that  the  fun- 
damental principles  behind  mountain- 
making  and  continent-building  need 
still  to  be  elucidated.  Most  land  geol- 
ogists seemed  quite  oblivious  to  the 
recent  basic  discoveries  of  marine  ge- 
ology which  call  for  drastic  revision 
of  our  basic  concepts.  And  the  geo- 
logic reconstructions  presented  seemed 
to  ignore  the  basic  dichotomy  bctuecn 
continents  and  ocean  basins  in  both 
criistal  structure  and  topographic  posi- 
tion. It  would  seem  that  orogenesis  re- 
mains a  branch  of  science  where  the 
basic  principles  are  still  largely  op- 
tional. 

Yu.  Pushcharovsky  (U.S.S.R.)  showed 
us  his  new  tectonic  map  of  the 
Pacific  Basin  region.  His  interpreta- 
tion is  that  this  hemisphere  is  char- 
acterized by  a  central  immobile  craton 
occupying    the    central    Pacific,    inside 


the  so-called  volcanic  ring  of  fire, 
which  is  a  Precambrian  ""thallasocra- 
ton."  Forming  annular  rings  aroimd 
this  oceanic  craton  are  orogenic  fold- 
belts  of  progressively  older  age.  Push- 
charovsky believes  the  inner  oceanic 
belt  to  be  a  "living"  geosynclinal  re- 
gion of  Cenozoic  age  which  is  in  the 
process  of  becoming  continental.  Older 
annular  foldbclts  of  Mesozoic  to  Pre- 
cambrian age  have  already  been  incor- 
porated into  the  continents.  N.  Bog- 
danov  (U.S.S.R.)  offered  quite  similar 
views  for  the  western  Pacific  alone 
and  argued  that  the  central  Pacific 
Basin  is  an  immobile  craton  of  Pre- 
cambrian antiquity.  In  contrast,  I  sug- 
gested that  such  views  are  inadequate 
to  account  for  the  circum-Pacific  belt 
and  that  we  must  use  the  additional 
dimension  of  continental  drift  where- 
by the  Pacific  is  the  renmant  of  the 
once  universal  ocean  (Panthalassa) 
with  the  other  oceans  being  largely 
rift  basins.  The  encioachment  of  the 
circum-Pacific  continents  upon  the  Pa- 
cific Basin  and  the  underriding  of 
these  sialic  plates  along  the  trenches 
by  oceanic  crust  would  then  account 
for  the  circum-Pacific  orogenic  belt. 

An  important  new  finding,  and  the 
subject  of  much  discussion,  is  that 
(like  the  Kurile  Basin)  the  Sea  of 
Japan,  between  the  Japanese  Arc  and 
Asia,  has  an  oceanic  crust,  thus  mak- 
ing it  a  "window"  into  the  earth's  up- 
per mantle.  This  depression  is  also 
geologically  young,  certainly  post- 
Jurassic  and  perhaps  even  Neogene, 
while  some  of  the  rocks  of  Japan  go 
back  to  the  Silurian.  A  spectrum  of 
views  uas  offered  to  account  for  this 
great  hole  in  the  Asiatic  framework. 
One  speaker  suggested  that  the  region 
may  have  been  uplifted  in  a  great 
dome,  permitting  the  erosion  of  35 
kilometers  of  continental  crust;  then  it 
subsided  to  its  present  oceanic  depth. 
Others  insisted  that  the  region  offers 
a  fine  example  of  oceaniz.ition,  the 
conversion  of  sialic  continental  crust 
into  oceanic  siniatic  crust  h\'  some 
not  clearly  specified  process  (the  most 
popular  opinion  and  one  especially  pre- 


ferrcd  by  the  Soviets).  Still  others  spoke 
of  Japan  as  being  displaced  out  from 
Asia  in  some  sort  of  drifty  manner, 
thus  leaving  the  Japan  Sea  basin  as 
the  gap. 

A  new  set  of  bathymctric  maps  of 
the  Aleutian  Arc  by  H.  Nichols  and 
R.  Perry  (Institute  for  Oceanography, 
ESSA)  was  displayed  and  described. 
This  large  map  consists  of  six  sheets 
on  a  scale  of  1:400,000,  has  a  con- 
tour interval  of  50  fathoms,  and  is 
based  upon  275  separate  Coast  and 
Geodetic  Survey  surveys  executed  be- 
tween 1942-64.  The  basic  geomorphic 
elements  of  this  prime  example  of  an 
island-arc  system  appear  to  be  a  trench 
paralleled  by  a  deep  terrace  inside  of 
which  lies  the  Aleutian  Ridge  with  its 
festoon  of  islands,  and  behind  which 
are  several  volcano-tectonic  depres- 
sions. Spoiling  the  arc's  symmetry,  is 
the  unique  hook-shaped  Bovvers  Ridge 
projecting  into  the  deep  Bering  Basin. 
The  Bowers  Ridge  intersection  seems 
to  be  a  major  dislocation.  For  ex- 
ample, the  aftershocks  of  the  1965  Rat 
Islands  earthquake  affected  all  of  the 
arc  to  this  dislocation  but  not  east- 
ward of  it.  Perry  suggested  that  the 
Aleutian  Ridge  has  been  formed  by 
a  conveyor  belt  or  sea  floor  spreading 
type  of  movement  of  the  Pacific  floor 
whereby  the  trench  marks  the  locus  of 
downwelling  of  the  oceanic  crust.  The 
ridge  then  marks  the  site  of  rising 
magmas  which  are  the  hyperfusibles 
ascending  from  this  underriding  plate. 
This  new  map  is  a  major  contribu- 
tion to  oceanic  bathymetry  and  pro- 
vides an  excellent  base  for  future  geo- 
logic and  geophysical  studies. 

E.  Hamilton  (U.S.  Navy  Electronics 
Laboratory,  San  Diego)  described  the 
marine  geology  of  the  Gulf  of  Alaska, 
using  seismic  profiling  data.  The  abys- 
sal plains  have  been  created  by  turbi- 
dite  deposits  (150  to  600  meters  in 
thickness)  which  moved  out  from  the 
continental  margins  through  well-de- 
veloped, deep-sea-channel  systems. 
These  channels  are  leveed  with  the 
higher  banks  on  the  right  side,  thus 
suggesting  deflection  of  the  turbidity 
current  streams  by  the  earth's  rota- 
tion. The  thickness  of  the  turbidite 
blanket  forming  the  Aleutian  abyssal 
plain  is  such  as  to  suggest  that  it  was 
formed  before  the  Aleutian  Trench, 
leaving  it  now  as  a  starved  or  "fossil" 
abyssal  plain  with  no  present  source 
of  sedimentary  sustenance.  The  moats 
around  several  hills  and  seamounts, 
originally  described  by  Menard  and 
Dietz    as     isostatic     depressions,     were 


found  to  have  no  expression  in  the 
deeper  crust.  They  appear  to  be  pure- 
ly sedimentary  features  perhaps  carved 
by  the  sjiccdup  of  currents  around  the 
scamoLint  as  a  botlom  obstacle. 

R.    Verma    and    H.    Narain    (India) 
reported     on     detailed     paleomagnetic 
studies    of    Indian    rocks.    The    results 
are    consistent    with    India    being    posi- 
tioned    in     the     southern     hemisphere 
from    Permian   to   Eocene   time.   Conti- 
nental drift  of  the  Indian  subcontinent 
seems    to   have    occurred    mostly    from 
Jurassic    to    Miocene    times    covering   a 
distance    of    nearly    4000    miles.    The 
impingement  of  India  against  Asia  ap- 
parently   played    an    important    role    in 
the  uplift   of  the   Himalayas.  The   geo- 
magnetic   field    probably    was    reversed 
during   the   Lower   Cretaceous   while   it 
was  normal  during  the  Upper  Permian. 
A    rather    remarkable    development 
over    the    past    decade    has    been    the 
growing    realization,    paced    by    radio- 
carbon   dating,    that    even    around    the 
diastrophically    active    Pacific    margin 
eustatic    sea-level    oscillations    (and    es- 
pecially  a   Recent   rise   of  perhaps    1 20 
meters)    generally    have    overwhelmed 
diastrophic    uplift    and    subsidence.    But 
in    the    symposium    on    Pacific    margin 
sea-level   changes,  George   Plafker  and 
Meyer  Rubin  (U.S.  Geological  Survey) 
reported   that,   in   the   Gulf  of  Alaska, 
tectonic     displacements     locally     have 
been  orders  of  magnitude  greater  than 
the  postulated  sea-level  changes.  Radio- 
carbon-dated   samples    in    coastal    areas 
affected    by    tectonic    movements    dur- 
ing the    1964  Alaska  earthquake  indi- 
cate:  (i)  uplift  relative  to  sea  level  of 
as    much    as    55    meters    in    the    past 
7650  years  and  subsidence  of  at  least 
4.5    meters    in    the    past    2800    years: 
(ii)    40    meters    of    relative    uplift    of 
Middleton  Island  in  five  major  upward 
pulses  during  the  last  4500  years,  the 
most     recent     pulse     probably     having 
been    less    than    460    years    ago;    and 
(iii)  a  gradual  general  submergence  of 
the   coast   for   several   centuries  before 
the    earthquake,    at    rates    as    high    as 
4.3  meters  in  400  years.   Striking  evi- 
dence of  continued  active  diastrophism 
along    the    Gulf    of    Alaska    was    pro- 
vided by  the  regional  coastal  uplift  of 
as  much  as   11.5  meters  and  the  sub- 
sidence    of    2.3     meters     that     accom- 
panied the  1964  earthquake. 

The  next  Pacific  Science  Congress 
will  be  held  in  1971  at  Canberra, 
Australia. 

RonERT    S.    DlP.TZ 

Insliliiie  for  Oceanography.  ESSA, 
Silver  Sprint^.  Afarylanci  20910 


38 


Reprinted  from  SEA  FRONTIERS  Vol.  12,  No.  1 


Oceanography  in  the  USSR 


By  Robert  S.  Dietz 

Institute  for  Oceanography 
Environmental  Science  Services  Administration 


THE  SOVIET  UNION  has  made  great 
strides  in  oceanography  over  the 
past  decade.  Quite  clearly  she  has 
surpassed  Great  Britain  and  Japan 
and  is  now  second  only  to  the  United 
States.  The  Soviet  Union's  total  ef- 
fort in  ocean  sciences  now  appears  to 
be  one-half  to  two-thirds  the  size  of 
our  own.  The  overall  expansion  of 
the  Russian  oceanographic  effort 
has  been  estimated  to  be  about  10 
per  cent  annually. 

Progress  of  the  last  decade  is  es- 
pecially striking  when  one  considers 
that  Russia  has  been  traditionally  a 
heartland  country  with  her  major  in- 
terests directed  inward  to  the  land. 
Today  Russia  is  looking  outward  to 
the  world  ocean.  The  marine  sciences, 
especially  fisheries,  occupy  a  promi- 
nent role  in  her  scientific  effort.  Her 
oceanographic  ships  now  explore  all 
the  oceans  of  the  world,  and  a  bright 
future  for  Soviet  oceanic  research 
seems  assured.  Rather  surprisingly, 
oceanography,  other  than  fisheries, 
seems  not  to  enjoy  an  especially  high 
priority,  which  may  stem  from  poor 
representation  on  the  powerful  So- 
viet Academy  of  Sciences. 

At  least  these  are  my  impressions 
received  during  a  visit  last  fall  to  the 


Soviet  Union  as  a  member  of  a  U.  S. 
oceanographic  team  participating  in 
a  USA-USSR  scientific  information 
exchange  program.  During  a  four- 
week  stay,  our  group  visited  research 
centers  in  Moscow,  Leningrad,  Mur- 
mansk and  in  the  Black  Sea  cities  of 
Sevastopol,  Yalta  and  Gelendzhik.  In 
addition  to  myself,  the  group  consist- 
ed of  Lawrence  Coachman,  Univer- 
sity of  Washington;  Felix  Favorite, 
Bureau  of  Commercial  Fisheries; 
Kirk  Bryan,  U.S.  Weather  Bureau; 
Donald  F.  Squires,  Smithsonian  In- 
stitution; and  T.  K.  Treadwell,  U.S. 
Naval  Oceanographic  Office. 

Wfli-Coordinated  Hespareh 

There  are  now  about  1,200  ocean- 
ographers  in  the  Soviet  Union,  using 
the  term  in  a  rather  broad  sense.  This 
compares  with  an  estimated  1 ,500  to 
2,000  in  the  United  States  of  similar 
status.   About   fifty   research   centers 


Arctic  Museum  //;  Leningrad.  The  So- 
viet understanding  of  the  Arctic  is  un- 
excelled. (Robert  S.  Dietz) 
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The  world's  largest  oceanographic  research  ship,  the  6,000-ton  Mikhail  Lom- 
onosov  at  Yalta.  Built  in  East  Germany  and  operated  by  the  Marine  Hydrophysics 
Institute  at  Sevastopol,  she  explores  the  Black  Sea,  the  Mediterranean  and  the 
Atlantic  Ocean.  (Robert  S.  Dietz) 


are  contributing  to  the  Soviet  effort 
in  oceanography,  although  only  about 
a  dozen  or  so  are  strictly  oceano- 
graphic institutes. 

The  organization  of  Soviet  ocean- 
ographers  is  quite  tidy.  Missions  and 
responsibilities  are  clearly  drawn,  and 
there  is  little  overlap.  It  is  quite  easy 
to  make  a  box  diagram  of  the  Soviet 
program.  Either  the  federal  or  pro- 
vincial academies  of  sciences  operate 
the  institutes  for  basic  research. 
Examples  are  the  Institute  of  Ocean- 
ology  in  Moscow  and  the  Marine  Hy- 
drophysics Institute  in  Sevastopol,  of 
the  USSR  Academy  of  Science  and 
the  Ukranian  Academy  of  Science, 
respectively.  The  State  Oceanograph- 


ic Institute,  centered  in  Moscow,  does 
most  of  the  applied  oceanography 
(tides,  wave  studies,  storm  surges 
etc.)  and  is  similar  to  the  U.  S.  Coast 
and  Geodetic  Survey  and  Navy 
Oceanographic  Office  combined,  but 
without  any  responsibility  for  hydro- 
graphic  surveying,  which  falls  under 
their  Navy  Hydrographic  Service  in 
Leningrad.  Still  another  organization 
(VNIRO)  handles  fisheries  ocean- 
ography. As  in  the  West,  the  Soviets 
resort  to  acronyms.  Thus  the  filial  in- 
stitutes of  VNIRO  are  called  TINRO. 
PINRO,  NIRO.  etc.,  thus  avoiding 
an  otherwise  sesquipedalian  nomen- 
clature. Finally,  because  of  special 
problems  involved  in  polar  research. 
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the  Arctic  and  Antarctic  Research 
Institute  has  responsibility  for  both 
basic  and  applied  research  in  polar 
regions. 

Soviet  universities  deal  strictly  with 
teaching  and  do  little  research,  al- 
though the  faculty  members  com- 
monly have  a  secondary  affiliation 
with  some  off-campus  research  insti- 
tute. Their  oceanographic  effort 
seems  to  have  been  organized  from 
the  top  down,  while  ours  has  been  a 
"grass  roots"  development — loosely 
coordinated,  de-centralized  and  re- 
sisting ready  schematization. 

Four  out  of  about  forty  universities 
in  the  USSR  offer  training  in  ocean- 
ography. Two  of  these  are  located  at 


Leningrad  and  the  others  in  Moscow 
and  Vladivostok.  At  Moscow  Univer- 
sity, the  curriculum  consists  of  3,500 
hours  of  lecture  and  laboratory  work 
over  a  five-year  period.  About  200 
hours,  or  6  per  cent  of  the  curriculum, 
is  devoted  to  political  subjects.  About 
fifty  oceanographers  are  graduated 
each  year. 

3ieasure  Progress  by  Number 
ot  Publications 

In  1961  the  Soviet  Union  operated 
oceanographic  ships  with  a  total  gross 
tonnage  of  about  50,000  tons.  By 
way  of  comparison,  the  tonnage  of 
U.S.  oceanographic  ships  at  that  time 
was  estimated  at  about  60,000  tons. 
Our  present  tonnage  is  estimated  to 


One  of  the  oldest  marine  biological  experimental  stations  in  the  world,  the 
Institute  of  Biology  of  the  Southern  Seas,  at  Sevastopol,  now  occupies  premises 
built  since  the  destruction  of  Sevastopol  during  World  War  II.  (Robert  S.  Dietz) 


Institute  of  oceanology  of  the  USSR  Academy  of  Science  in  sitbiirhan  Moscow 
does  most  of  the  Russian  basic  research  in  oceanography.  This  building,  once  the 
late  nineteenth-century  estate  of  Prince  Derugin.  was  designed  by  the  Itcdicm  archi- 
tect Scotti  on  the  pattern  of  the  Cross  of  St.  Anne.  (Robert  S.  Dietz) 


be  about  72,000  tons.  The  Soviets 
operate  the  two  largest  oceanographic 
ships  in  the  world,  the  Vityaz  and 
the  Lomonosov .  The  U.S.  prefers  to 
use  smaller  vessels.  In  my  opinion, 
however,  ship  tonnages  or  their 
number  are  a  poor  measure  of  overall 
oceanographic  effort.  Likewise,  the 
number  of  oceanographers  is  not  a 
useful  criterion,  especially  as  the 
definition  of  this  term  can  be  vari- 
ously interpreted.  A  much  better 
measure  is  the  quality  and  number  of 
the  research  papers  published  in 
scientific  journals.  These  "contribu- 
tions to  knowledge"  are  the  principal 
end-products  of  research. 


In  both  theory  and  practice  the 
Soviets  are  supporting  science.  Sala- 
ries of  Soviet  scientists  are  substan- 
tially below  U.S.  levels  but  they  are 
among  the  highest  in  Russia.  The 
Communist  insignia  of  the  sickle  and 
hammer  symbolizes  the  farmer  and 
the  laborer,  but  the  scientist-technol- 
ogist group  seems  to  have  usurped 
the  leading  role  in  Soviet  society. 
There  is  little  evidence  of  any  Com- 
munist Party-line  in  oceanographic 
work,  such  as  that  which  plagued 
biology  until  recently  because  of  the 
political  favoritism  accorded  T.  Ly- 
senko.  The  Soviet  scientist  has  high 
prestige  and  his  morale  is  good,  but 


26 


he  still  lacks  the  degree  of  personal 
freedom  enjoyed  by  American  scien- 
tists. Doubtless  the  iron  hand  still 
rules  but  it  is  wearing  a  silk  glove. 

The  Soviet  oceanographic  program 
in  the  Arctic  Ocean  is  unique  in  its 
scope  and  their  understanding  of  this 
realm  is  unexcelled,  but  in  other 
areas  of  marine  science  they  are 
behind  us. 

A  great  strength  of  Soviet  ocean- 
ography is  the  amount  of  technical 
support.  Each  senior  scientist  has 
several  assistants  which  makes  it 
possible  thoroughly  to  work  up  re- 
search results.  By  contrast,  the  U.S. 
oceanographer  typically  works  alone 
and  so  easily  may  become  over- 
whelmed in  a  morass  of  data. 


Ruggians  Lens  I tn aginative, 
3§ore  Organized 

The  Soviet  oceanographic  program 
is  broad,  covering  all  fields  of  marine 
science.  Applied  objectives  are  em- 
phasized; research  is  highly  organ- 
ized, directed  and  controlled.  Prob- 
ably overly  so,  as  much  of  the  work 
seemed  routine  and  uninspired.  A 
lack  of  cost-consciousness  was  indi- 
cated by  little  knowledge  of  the 
operating  costs  of  research  vessels, 
either  daily  or  annually. 

Very  few  Soviet  scientists  are  en- 
gaged in  broad  general  synthesis  of 
scientific  results.  I  saw  little  evidence 
of  "frontier"  research  such  as  gener- 
ates new  theories  or  other  break- 
throughs. The  flux  of  ideas  is  more 


Manufacture  of  current  meters  takes  place  in  this  laboratory  at  the  Arctic 
and  Antarctic  Research  Laboratory  in  Leningrad.  (Robert  S.  Dietz) 


FoRMhRLY  A  ROYAL  PALACE,  the  Arctic  and  Antarctic  Research  Institute  in  Lenin- 
grad has  responsibility  for  both  basic  and  appHed  research  in  polar  regions. 
Fourteen  drifting  ice  "islands"  have  been  manned  in  the  Arctic  Ocean  since  1937. 
(Robert  S.  Dietz) 


intense  in  the  West  than  in  the  USSR. 
Although  their  policies  may  be  radi- 
cal, their  scientific  thoughts  struck 
me  as  conservative. 

Every  Inch  of  Paper  Used 

Soviet  laboratories  are  bleak  by 
Western  standards.  Crowding  is  ex- 
cessive, presumably  leading  to  ineffi- 
ciency and  perhaps  indicating  a 
squandering  of  manpower.  Labora- 
tory instrumentation  is  poor.  Office 
machines  and  calculators  are  rare  and 
most  calculation  is  done  by  hand, 
assisted  by  the  abacus.  Women  tech- 
nicians sit  at  small  pine  desks  which 
are  only  one  step  more  advanced  than 
the  orange  crate.  Nothing  seems  to 


be  thrown  away;  I  saw  few  waste- 
baskets.  The  ultimate  disposition  of 
small  pieces  of  paper  remains  some- 
thing of  a  mystery  to  me.  I  noted  one 
possible  clue,  however.  The  techni- 
cian, when  writing  a  note,  first  folds 
any  available  small  piece  of  paper 
and  then  uses  just  one  quarter.  So 
perhaps  scraps  may  disappear  of  their 
own  accord. 

The  Russian  research  libraries  are 
quite  good.  There  is  an  extensive 
program  for  the  translation  of  Ameri- 
can technical  books  and  periodicals. 
Many  Western  periodicals  are  repro- 
duced by  photo-offset  and  distributed 
to  Russian  research  institutions. 
Twenty  such  English-language  scien- 
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tific  publications  were  noted  in  the 
library  of  one  laboratory. 

They  have  a  massive  approach  to 
science  but  our  instruments  and  tech- 
niques are  much  more  sophisticated. 
Even  their  new  buildings  seem  to 
have  a  certain  built-in  antiquity.  One 
commonly  judges  a  building  to  be 
several  decades  old  when  it  is  actually 
quite  new.  The  quarters  supplied  to 
the  American  Embassy  is  an  example. 
Nets  strung  above  the  first  floor  of 
some  buildings  are  placed,  not  to 
thwart  would-be  suicides,  but  to  catch 
falling  facing-tiles  which  might  other- 
wise make  promenading  hazardous. 
This  led  me  to  muse  that  perhaps  our 
tale  of  Henny  Fenny,  as  well  as  Peter 
and  the  Wolf,  had  a  Russian  origin. 

Fisheries  of  Printarti  Concern 

The  role  of  woman-power  in  Soviet 
science  is  most  impressive.  Fifty-five 
per  cent  of  the  total  work  force  in  the 
USSR  is  female,  reflecting  war-time 
losses  of  men  as  well  as  their  national 
policy  of  full  employment  for  women. 
At  biological  institutes  women  out- 
number men,  while  at  oceanographic 
institutes  women  make  up  about  30 
per  cent  of  the  total  work  force.  The 
crew  and  scientific  staff  of  a  biological 
research  ship,  which  recently  visited 
at  Marseilles,  France,  consisted  of 
fourteen  women  and  two  men.  How- 
ever, men  still  control  most  of  the  top 
job  assignments  as  well  as  policy- 
making positions. 

The  USSR  each  year  sends  a  fleet 
of  nearly  300  ships  and  15,000  fish- 
ermen to  the  Georges  Bank  fishing 
grounds  off  the  New  England  coast; 
about  50  tons  of  fish  are  recovered 
per   ship   each   day.    Three   fisheries 


research  ships  generally  support  the 
fleet,  measuring  such  things  as  tem- 
perature, salinity  and  oxygen  content 
of  the  waters.  The  large  size  of  the 
Soviet  fishing  fleet  should  not  neces- 
sarily be  equated  with  success;  for 
example,  60  per  cent  of  Soviet  work- 
ers are  now  employed  on  farms, 
whereas  only  about  10  per  cent  of 
the  Americans  are  so  employed. 
Nevertheless,  our  10  per  cent  pro- 
duces more  food,  and  at  a  lower  cost, 
than  their  60  per  cent. 

The  Russians  have  a  large  non- 
military  research  submarine,  the 
Severyanka  (see  Sea  Frontiers,  "Sea 
Trials  of  a  Soviet  Research  Sub," 
Volume  11,  Number  1,  January- 
February,  1965),  but  we  were  not 
permitted  to  see  her.  She  is  used  for 
fisheries  research  out  of  Murmansk. 
I  received  the  impression  that  the  use 
of  a  submarine  in  fisheries  research 
has  not  met  with  any  great  success. 
Having  only  diving  bells,  they  are  far 
behind  the  West  in  the  development 
of  deep  vehicles,  such  as  bathyscaphs, 
for  oceanic  research.  Their  first  entry 
in  this  field,  the  Sever  II,  will  be 
launched  in  1966. 

Several  years  ago,  when  I  was 
working  with  Jacques  Piccard  on  the 
bathyscaph  Trieste,  we  frequently 
heard  rumors  that  the  Soviets  were 
building  a  similar  vehicle.  I  now 
suppose  that  these  reports  were  due 
to  a  mistranslation  or  misinterpreta- 
tion of  the  Soviet  terms  bathystat  and 
hydros  tat,  which  are  diving  befls 
lowered  by  cable  to  600  feet  or  so,  of 
their  Sever  (North)  /  design.  There 
seem  to  be  no  large-scale  imaginative 
projects  on  the  Soviet  oceanographic 
agenda  to  compare  with  the  Mohole 
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Project  or  the  construction  of  floating 
spars  like  Flip. 

Countries  Exehantfe  SeientUic 
information 

We  were  well  received  by  our 
Russian  counterparts.  They  discussed 
their  results  freely,  although  with- 
in restricted  fields  and  under  guided 
supervision.  Straight  scientist-to- 
scientist  discussions  which  get  down 
to  details  still  are  not  possible. 
The  post-Stalin  "thaw"  seems  in  full 
sway  and  there  are  hopeful  signs  that 
this  liberalization  will  continue.  One 
such  indication  is  that  they  have 
offered  to  host  the  Second  Interna- 
tional Oceanographic  Congress  in  the 
spring  of  1966.  This  will  bring  to- 
gether oceanographers  from  all  over 
the  world.  Such  personal  contact  will 
do  much  to  normalize  relationships 
and  promote  person-to-person  ex- 
change of  scientific  papers  and  similar 
materials  which  are  a  great  stimulant 
to  science. 

The  Soviet  scientists  deal  in  Eng- 
lish with  considerable  facility.  They 
all  know  how  to  read  English  and 
about  one-third  can  converse  in  it. 
The  reading  of  English-language 
journals  is  a  virtual  necessity  for  their 
research.  They  accept  it  as  the  lingua 


franca  of  science.  The  man  in  the 
street,  however,  still  knows  no  Eng- 
lish, and  speaking  in  a  loud  voice 
does  not  seem  to  help. 

Russian,  unfortunately,  is  a  difficult 
language  so  their  scientific  publica- 
tions are  a  closed  book  to  most  of  us. 
Learning  to  transliterate  their  Cyrillic 
alphabet  into  the  Roman  alphabet  is 
of  great  assistance  and  makes  many 
words  understandable;  for  example, 
PECTOPAH  becomes  restoran,  mean- 
ing restaurant.  In  something  more 
than  mere  jest,  Treadwell  (one  of  our 
delegates)  suggested  that  we  should 
offer  to  convert  to  the  metric  system 
if  the  Soviets  would  accept  the 
Roman  alphabet. 

To  understand  Soviet  science  we 
must  first  be  mindful  of  its  European 
roots.  Beyond  that,  two  analogies  are 
useful  although,  of  course,  entailing 
much  over-simplification.  Firstly, 
their  system  may  be  pictured  as  like 
that  of  a  civilian  army.  Work  is 
organized  and  things  are  in  a  way 
that  one  would  expect  to  find  in  our 
armed  services.  Secondly,  we  can 
compare  their  culture  to  Sparta  and 
ours  to  the  Athenians.  Their  culture 
is  austere  and  highly  disciplined,  but 
full  motivation  and  the  good  life 
have  not  yet  blossomed. 
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Soviet  oceanographic  ship  Pearl  of  Siberia,  encrusted  with  ice 


Oceanography,  the  earth  science 
that  deals  with  the  physics,  chem- 
istry, biology,  and  geology  of  the 
hydrosphere  and  its  boundaries,  is 
undergoing  a  sudden  growth  surge 
throughout  the  world.  A  phenome- 
non of  the  postwar  years  has  been 
the  emergence  of  the  Soviet  Union 
as  an  oceanographic  power,  rather 
clearly  surpassing  Great  Britain  and 
Japan  and  standing  second  only  to 
the  United  States.  This  is  especially 
remarkable  in  that  Russia,  a  heart- 
land country,  traditionally  had  di- 
rected its  attention  inward  and  had 
demonstrated  little  interest  in  the 
oceans. 

In  both  theory  and  practice,  the 
Soviets  are  supporting  science.  The 
sickle  and  hammer  of  the  Com- 
munist insignia  suggests  domination 
by  the  peasant  and  the  laborer,  but 
the  scientist-technologist  has  in  fact 
usurped  the  leading  role.  Among  the 
various  sciences,  oceanography  is 
given  a  rather  high  priority.  More 
and  more,  oceanographic  ships  are 
enhancing  the  Soviet  "presence"  on 
the  high  seas  as  well  as  "showing  the 
flag"  in  the  ports  of  the  world. 

My  personal  impressions  and 
opinions  about  Soviet  oceanography 
are  based  on  my  participation  in  a 
Department-of-State  negotiated  ex- 
change of  oceanographers.  In  1964  I 
visited  many  oceanographic  labora- 
tories and  institutes  in  Russia,  and 
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last  year  I  escorted  a  group  of  six 
Russian  scientists  to  several  oceano- 
graphic centers  in  the  United  States. 

Perhaps  the  most  apparent  aspect 
of  Soviet  oceanography,  and  their 
sciences  generally,  is  control  from 
the  top.  The  Soviet  parent  organiza- 
tions and  governmental  oceanogra- 
phy committees  are  more  powerful 
than  their  U.S.  equivalents.  There  is 
directness  and  simplicity  in  their  sys- 
tem, at  least  on  x^aper.  But  notwith- 
standing this  tight  control,  oceanog- 
raphy by  no  means  appears  better 
coordinated  in  the  Soviet  Union  than 
in  the  United  States.  "Command  by 
committee"  is  everywhere  evident, 
and  the  Soviet  science  administrator 
is  reluctant  to  make  individual  de- 
cisions, presumably  to  avoid  blame 
if  things  go  wrong. 

Those  of  us  who  have  dealt  with 
the  Soviets  are  aware  of  the  inherent 
frustrations  of  their  bureaucracy— 
for  example,  in  attempting  to  ar- 
range for  the  participation  of  a 
Soviet  scientist  in  an  international 
meeting.  Answers  to  letters  of  in- 
quiry are  rarely  received,  probably 
because  such  letters  may  be  endless- 
ly referred  until  they  are  either  lost 
or  outdated.  If  the  scientist  does  get 
to  the  meeting,  and  on  rare  occasions 
he  in  fact  does,  he  usually  arrives 
only  after  a  last-minute  flurry  of 
telegrams,  and  then  often  after  the 
meeting  is  well  beyond  its  first  day. 

Winston  Churchill  described  the 
Soviet  Union  as  "a  riddle  wrapped  in 
a  puzzle  inside  an  enigma."  But  to 
the  contrary  the  actions  and  reac- 
tions   of   Soviet    scientists    and   the 


people  seem  quite  predictable  if  one 
looks  at  their  society  from  the  inside 
out  rather  than  from  our  own  point 
of  view.  Many  Americans  do  not  real- 
ize that  the  game  of  life  can  be 
played  by  other  rules. 

Life  in  the  Soviet  Union  is  like  a 
game  of  checkers,  although  for  us 
it  has  the  complexity  of  chess.  The 
"moves"  that  one  can  make  in  chess 
need  not  be  the  obvious  ones.  We  all, 
largely  unconsciously,  operate  with- 
in the  constraints  of  our  particular 
social  order.  In  the  United  States, 
limitations  are  rather  loose  so  that, 
for  example,  a  scientist  who  is  un- 
happy working  for  the  Government 
can  transfer  to  private  industry  or 
become  self-employed.  A  discon- 
tented Russian  scientist  is  severely 
handicapped  for  he  must  remain 
within  a  rigidly  controlled  bureauc- 
racy, sort  of  a  nonuniformed  military 
service.  Chance  for  advancement  de- 
pends in  large  measure  on  the  state 
of  health  of  one's  immediate  super- 
ior. They  must  play  that  macabre 
game  sometimes  known  as  "Dead 
Man's  Shoes." 

During  my  visit  to  Russia,  my 
greatest  disappointment  came  about 
from  anticipation  of  seeing  bright 
and  shiny  new  laboratories.  Russian 
labs  are  shoddy  and  poorly  equipped 
by  Western  standards.  New  some  of 
them  are,  but  they  have  a  certain 
built-in  antiquity  and  seem  to  ac- 
quire an  instant  patina.  The  basic 
flaw  seems  to  be  poor  material  and 
design,  capped  by  a  do-it-yourself 
level  of  workmanship.  At  Archangel, 
six  of  us   (five  Americans  and  one 
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Leningrad  palace  houses  elaborate  institute  for  arctic  research,  in  which 
Soviet  excels,  hut  computer  for  processing  sea  data  is  old-fashioned  type. 


Russian)  wagered  as  to  the  vintage 
of  one  building  because  of  its  Vic- 
torian appointments  and  rather  di- 
lapidated appearance.  In  recognition 
that  the  building  was  undoubtedly 
newer  than  it  looked,  guesses  ranged 
from  1922  to  1960.  When  we  in- 
quired about  the  age  of  the  building 
our  host  answered,  "It  was  com- 
pleted this  year." 

Science  in  the  Soviet  Union  re- 
mains under  strong  political  control, 
but  I  could  not  find  any  evidence  of 
Lysenkoism  in  oceanography.  (Ly- 
senko  was,  of  course,  the  pseudo- 
geneticist  who  did  immense  harm  to 
Soviet  science  and  agriculture  be- 
cause his  belief,  that  acquired  char- 
acteristics could  be  passed  on  genet- 
ically, was  elevated  by  Stalin  to  an 
article  of  political  faith— like  Hitler's 
Aryanism.  Lysenko  was  rejected  and 
then  partially  rehabilitated  under 
Khrushchev,  but  under  the  current 
regime  he  has  been  rejected  once 
again. ) 

Perhaps  as  a  result  of  the  control, 
Soviet  oceanographers  are  notably 
uncreative.  They  follow  the  classical 
patterns  and  the  conventional  ap- 
proaches rather  than  probe  the  real 
frontiers— there  isn't  anything  radical 
about  Soviet  science.  There  remains 
a  tendency  to  subscribe  to  a  school 
of   thought  promulgated   by   some 


academician.  Bright  new  ideas,  the 
stuff  of  break-throughs  in  science, 
seem  lacking.  The  Russians  are  pre- 
eminent in  Arctic  oceanography,  but 
their  extensive  works  on  the  Arctic 
Basin  make  dull  reading.  We  tend 
to  ignore  Russian  literature  in  our 
own  scientific  writings,  partly  be- 
cause of  the  language  barrier,  but 


also  as  a  consequence  of  the  general 
barrenness  of  many  Russian  papers. 

The  full  employment  of  women  is 
a  remarkable  and,  to  me,  heartening 
aspect  of  Soviet  science,  especially 
in  the  life  sciences.  Over-all,  the 
Soviet  workforce  is  55  per  cent 
women— still  reflecting  in  part  the 
wartime  loss  of  more  than  ten  mil- 
lion males.  Three-fourths  of  the 
physicians  are  women;  numerically 
women  also  dominate  the  marine 
biological  laboratories,  although  not 
the  top  positions.  In  the  oceano- 
graphic  institutes,  women  fill  about  a 
third  of  the  positions.  Recently  the 
crew  and  scientists  of  a  small  marine 
biological  research  ship  paid  a  visit 
to  Marseilles,  causing  a  stir  even 
among  the  urbane  French— the  com- 
plement consisted  of  fifteen  women 
and  two  men. 

I  have  always  thought  that  the 
United  States  has  been  slow  in  enter- 
ing the  field  of  manned  deep-sub- 
mersibles  for  oceanic  research.  The 
Navy's  program  in  this  field,  begin- 
ning with  the  bathyscaph  Trieste,  is 
less   than   ten   years   old;   but  now 


Meters  for  measuring  deep-sea  currents,  being  examined  by  visiting  Ameri- 
can scientists,  are  among  the  few  devices  that  Soviet  oceanographers  can 
order  directly  "off  the  shelf." 
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rapid  progress  is  being  made.  The 
Soviets  have  been  even  slower  to 
enter  this  DRV  (Deep  Research 
Vessel)  field.  They  are  scheduled  to 
dive  their  first  vehicle,  the  Sever  II 
(meaning  North  II),  this  year.  To 
the  present  time,  they  have  used  only 
diving  bells  of  the  model  called 
Sever  I.  In  Russian  they  are  termed 
"hydrostats"  or  "bathystats,"  but  they 
are  simply  conventional  wire-teth- 
ered diving  bells  and  should  not  be 
confused  with  a  bathyscaph,  a  free- 
swimming  vehicle.  There  seem  to  be 
no  large-scale  or  imaginative  projects 
on  the  Soviet  oceanographic  agenda 
to  compare  with  our  Mohole  Project 
for  drilling  to  the  mantle  beneath  the 
sea  or  for  the  construction  of  a  float- 
ing spar  research  "ship"  like  Flip  [see 
MO&R,  January,  page  76] . 

Exchange  View 

Escorting  the  Soviet  delegation  of 
six  oceanographers  to  several  ocean- 
ographic institutions  and  facilities 
around  the  United  States  afforded 
me  an  opportunity  to  make  a  bal- 
anced comparison  of  our  respective 
oceanographic  efforts.  The  Soviets 
remarked  specifically  upon  our  ex- 
tensive use  of  machines  and  com- 
puters for  data  reduction  and  pro- 
cessing; the  role  of  private  com- 
panies as  suppliers  of  oceanographic 
instruments,  making  the  oceanog- 
rapher-gadgeteer  obsolescent;  the 
computer  systems  aboard  some  of 
the  newer  oceanographic  research 
ships;  and  the  complex  electronics 
systems  generally. 

The  Russians  seemed  constantly 
surprised  at  the  high  degree  of  inde- 
pendence, initiative,  and  resource- 
fulness of  the  American  scientist, 
and  also  by  his  strong  motivation 
which  leaves  little  inclination  to 
stand  still  until  told  to  jump  and  then 
to  ask,  "How  far?"  They  adhere  to 
the  premise  that  scientists,  like  com- 
puters, must  be  programmed  in  pre- 
cise detail  before  they  will  produce 
results.  Without  doubt,  viability  and 
intellectual  flux  pervade  American 
science  as  nowhere  else  in  the  world. 


The  Russians  insisted  that  their 
science  is  better  organized  than  ours. 
By  this  they  mean  more  rigid,  more 
compartmentalized,  and  with  more 
control  from  the  top.  They  appeared 
quite  unable  to  grasp  that  our  loose- 
ly coordinated  system  may  be  only 
seemingUj  chaotic.  They  obviously 
did  not  appreciate  that  our  gaps  in 
coverage  may  be  quickly  closed, 
without  the  necessity  of  orders  from 
above,  by  the  general  competitive- 
ness of  scientists  and  their  tendency 
to  search  out  new  fields  where  easy 
discoveries  await.  Soviet  science  is 
highly  ordered,  but  does  the  order- 
ing turn  out  many  Nobel  laureates? 

The  amount  of  waste  in  our  econo- 
my appalled  the  Russians.  Near  the 
Oceanographic  Institute  of  the  Uni- 
versity of  Florida  they  were  shown 
the  stands  of  slash  pine  grown  as  a 
crop  for  paper  pulp.  The  comment 
was  passed,  "Here  we  are  growing 
Sunday  newspapers— one  tree,  one 
paper."  This  was  the  most  successful 
joke  of  the  entire  trip;  pulling  out 
their  notebooks,  the  Soviet  visitors 
quickly  jotted  it  down.  In  the  Soviet 


Union  frugality  rules.  I  saw  few 
wastebaskets,  and  the  ultimate  dis- 
posal of  paper  waste  remains  some- 
thing of  a  mystery  to  me.  A  possible 
clue  was  the  Russian  custom  of  fold- 
ing a  paper  into  quarters  before 
writing  a  note.  Paper  may  eventually 
disappear  of  its  own  accord. 

While  visiting  the  oceanographic 
laboratories  of  the  University  of 
Oregon,  one  Soviet  scientist  made 
this  revealing  comment:  "We  recog- 
nize as  one  of  our  difficulties  that 
there  is  a  great  gap  between  the 
young  post-war  generation  and  the 
old  Stalinist  reactionaries'  [sic] .  But 
they  are  at  the  top  and  still  in  con- 
trol. We  must  wait  for  them  to  pass 
from  the  scene." 

It  is  difficult  to  critically  compare 
Soviet  and  American  oceanography. 
The  tonnage  or  number  of  ocean- 
ographic ships,  or  the  number  of  per- 
sonnel, are  poor  guidelines.  Such 
estimates  tend  to  ignore  the  contri- 
bution from  the  private  sector  of  the 
U.S.  economy.  As  a  rough  over-all 
guess,  I  rate  Soviet  oceanography  at 
only  about  half  the  effectiveness  of 


Institute  of  Oceanology,  in  renovated  18th-century  country  estate  near  Mos- 
cow, is  center  of  deep-sea  studies,  primarily  of  the  Pacific  and  Indian  Oceans. 


April,  1966 


51 


our  own.  This  is  somewhat  lower 
than  the  evaluation  of  many  of  my 
colleagues,  but  my  recent  visits  to 
both  our  facilities  and  theirs  have 
only  reinforced  this  conviction. 

U.S.  science  and  culture  is  like 
that  of  Athens,  affluent  and  embel- 
lished; theirs  like  Sparta,  austere  and 
simple.  The  Russians  clearly  are 
dedicated  to  the  task  of  overtaking 
the  West  in  science  and  technology, 
and  they  are  inherently  a  capable, 
competent,  and  hard-working  peo- 
ple. The  nagging  question  remains: 
Will  history  repeat  itself,  will  Sparta 
defeat  Athens?  So  far  as  oceanog- 
raphy is  concerned,  I  believe  the 
answer  definitely  is  "No."  Although 
the  Soviets  have  recently  enhanced 
their  image  in  ocean  science,  they 
are  still  far  behind  us  in  this  field. 
Their  efforts  are  being  augmented, 
but  so  are  ours;  on  balance  they  are 
not  closing  the  oceanographic  gap. 

Throughout  the  world  the  gap 
between  the  scientifically  advanced 
countries  and  those  that  are  not 
seems   to  be   opening   up.   Nations 


such  as  Spain  and  Ireland  that  ten 
years  ago  did  practically  nothing  in 
science  still  do  very  little.  Ten  years 
ago,  I  rated  the  oceanographic  effort 
of  all  Europe  as  roughly  equivalent 
to  the  work  then  being  done  in  the 
U.S.A.  Now  we  do  more  than  all  of 
Europe.  As  never  before,  the  discov- 
eries in  oceanography  and  in  science 
generally  are  likely  to  occur  in  the 
United  States. 

From  May  30  to  June  10,  1966,  the 
U.S.S.R.  will  host  the  Second  Inter- 
national Oceanographic  Congress  in 
Moscow  (the  first  met  in  New  York 
in  1959).  Many  of  the  world's  lead- 
ing oceanographers  will  get  their 
first  glimpse  of  the  Soviet  Union.  Ex- 
tending this  hospitality  and  permit- 
ting the  entry  of  a  great  number  of 
scientists  is  evidence  of  the  liberali- 
zation of  Soviet  culture.  We  hope 
many  of  the  present  barriers  to  free 
interchange  of  scientific  information 
and  cultural  normalization  will  fall. 
This  cannot  occur  if  conducted  only 
through  a  third  party;  person-to- 
person  contact  is  needed.  end 


Destroyed  during  World  War  II,  Institute  for  Biology  of  the  Southern  Seas, 
at  Sevastopol,  has  been  rebuilt,  and  a  new  addition  is  under  construction. 
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Marine  Geology 

Although  forever  hidden  from  view 
in  the  watery  depths,  submarine  can- 
yons are  the  most  magnificent  ero- 
sional  scars  on  the  face  of  the  earth. 
They  furrow  the  2'/2 -mile-high  con- 
tinental slopes,  whose  boldness  is 
equaled  only  by  the  Himalayan  ram- 
part. It  is  eminently  appropriate  that 
Francis  P.  Shepard  (professor  emer- 
itus at  the  Scripps  Institution  of 
Oceanography)  and  Robert  F.  Dill 
(U.S.  Navy  Electronics  Laboratory, 
San  Diego)  should  collaborate  in  writ- 
ing a  book  on  SubmariBe  Canyons  and 
Other  Sea  Valleys  (Rand  McNally,  Chi- 
cago, 1966.  397  pp.,  illus.,  maps.  $9.75). 
For  35  years  Shepard,  the  recognized 
father  of  submarine  geology,  has  spe- 
cialized in  the  study  of  the  submarine 
canyons.    In    fact,    until    the    postwar 

vcars,  his  dominance  m  the  new  tlisci- 
pline  seemed  to  make  marine  geology 
and  the  study  of  submarine  canyons 
synonymous.  Dill  is  perhaps  the  most 
experienced  scientific  scuba  and  DRV 
(deep  research  vehicle)  diver  in  the 
country.  The  book  is  a  fine  addition 
to   the   literature  of   marine   geology. 

Submarine  canyons  have  long  in- 
trigued the  scientist,  the  mariner,  and 
the  fisherman  alike.  Where  they  deep- 
ly incise  the  shelf,  they  have  been  as- 
signed some  interesting  names  such  as 
"The  Swatch  of  No  Ground"  near 
the  mouth  of  the  Ganges  River  or 
"Trou  sans  Fond"  off  Abijan.  Only 
one  canyon  actually  invades  the  coast- 
line— the  Congo  Canyon,  which  en- 
ters the  estuary  of  the  Congo  River. 
Unlike  the  Nile,  this  greatest  of  the 
African  rivers  has  no  delta,  so  that  all 
of  its  sedimentary  load  must  bypass 
the  continental  shelf,  cascading  down 
the  canyon  into  the  deep  sea. 


Shepard  and  Dill's  book  is  largely 
a  descriptive  account  of  submarine 
canyons  around  the  world.  The  "do- 
mesticated" La  Jolla  Canyon,  which 
obligingly  originates  just  a  George 
Washington's  stone's  throw  off  the 
Scripps  Institution  of  Oceanography,  is 
taken  as  the  type  example.  The  first 
half  of  the  book  is  a  tour  clii  luonde 
describing  numerous  canyons  from  all 
continental  slopes.  This  provides  useful 
information,  but  it  is  rather  tedious 
reading.  Data  on  lengths,  tributary  pat- 
terns, longitudinal  profiles,  canyon 
walls,  and  other  parameters  are  con- 
veniently  summarized   in   an   appendix. 

The  basis  on  which  certain  deep  em- 
bayments,  such  as  the  Bering  Canyon 
and  the  Tongue  of  the  Ocean  Can- 
yon, are  classified  as  canyons  seems 
doubtful  to  me.  The  Tongue  of  the 
Ocean  is  certainly  occupied  by  a  sea 
valley,  but  to  identify  its  wall  height 
as  a  record  14.000  feet  seems  like 
referring  the  wall  height  of  the  Sacra- 
mento River  valley  to  the  top  of 
the  Sierra  Nevada  Mountains. 

The  methodology  and  techniques  for 
exploring  submarine  canyons  have 
come  a  long  way  since,  in  the  late 
1930's,  I  assisted  Shepard  in  his  sur- 
veys with  nothing  more  than  a  row- 
boat,  a  sounding  lead,  and  a  sextant. 
This  is  a  field  of  oceanography  to  which 
scuba  has  made  an  important  contri- 
bution. An  important  new  sampling 
device  is  the  so-called  box  corer,  which 
recovers  .'  large  block  of  undisturbed 
sediment  and  thus  permits  the  study  of 
firaded  beds  and  other  sedimentary 
structures.  Sub-bottom  acoustic  profilers 
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are  also  proving  to  be  a  powerful 
tool  by  delineating  the  sub-bottom 
strata  with  "x-ray  vision."  Their  impact 
is  just  now  being  felt. 

In  the  past  Shepard  believed  that 
submarine  canyons  were  cut  by  rivers 
at  the  greatly  lowered  sea  levels  that 
resulted  from  the  lockup  of  water  in 
continental  glaciers  many  times  the  size 
usually  accepted  by  Pleistocene  geolo- 
gists. But  over  the  past  two  decades 
he  has  gradually  revised  this  opinion. 
Shepard  and  Dill  now  come  to  no  firm 
conclusion  except  to  ofTer  that  river 
cutting  (in  the  upper  reaches),  turbid- 
ity currents,  various  ordinary  currents, 
and  mass  movements  arc  all  impor- 
tant. They  question  the  "extreme  con- 
fidence placed  by  so  many  geologists 
in  turbidity  currents  as  the  major  or 
only  cause  of  submarine  canyon  ex- 
cavation." They  also  doubt  the  reality 
of  the  high-velocity  turbidity  current 
(up  to  55  knots)  whose  existence  has 
been  inferred  from  cable  breaks.  The 
overall  results  of  their  synthesis  are 
to  de-emphasize  the  role  of  turbidity 
currents,  further  to  de-emphasize  the 
role  of  river  cutting,  and  to  emphasize 
mass  movements.  They  also  suggest 
that  submarine  canyons  have  been  cut 
throughout  ail  geologic  time  and  not 
only  during  the  Pleistocene  while  sea 
levels  were  lowered,  although  some  in- 
tensification of  cutting  may  have  oc- 
curred then  because  of  an  increased 
supply  of  sediment.  They  finally  note 
that  much  work  lies  ahead  before  most 
of  the  answers  on  the  origin  of  sub- 
marine canyons  will  be  forthcoming. 

Robert  S.  Dietz 
Institute  for  Oceanography, 
Environmental  Science  Services 
Administration,  Silver  Spring, 
Maryland 
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^66- Year  To  Reap  Benefits  Of  Research 

■  DR.  HARRIS  B.  STEWART,  Jr.,  U.S.  Coast  &  Geodetic  Survey,  ESSA 


To  those  of  us  intimately  involved 
with  the  internal  machinations  of 
the  federal  program  in  oceanog- 
raphy during  1965,  there  have  been 
some  most  encouraging  happenings. 
During  this  last  year  there  has  also 
been  an  increasing  harrassment  of 
the  program  managers  —  the  opera- 
tional  people. 

They  find  that  they  are  being  re- 
quired to  spend  more  and  m^ore  of 
their  time  at  special  meetings  of 
committees  and  panels,  at  hearings, 
preparing  for  investigations  and  re- 
sponding to  the  demands  of  all  sorts 
of  groups.  They  are,  for  example, 
the  President's  Science  Advisory 
Committee  and  the  Interagancy 
Committfee  on  Oceanography  and  on 
down  to  small  "task  teams"  of 
companies.  This  is  not  a  complaint, 
for  Washington  thrives  on  such 
meetings,  but  it  is  part  of  the 
symptoms. 

Books  on  oceanography  continue 
to  flood  the  market.  The  newspapers 
and  magazines,  radio  and  television 
ate  forever  confronting  the  public 
with  the  great  challenges  of  "inner 
space."  In  short,  the  National  Will 
—  if  such  there  be  —  seems  to  be 
zeroing  in  on  expanding  our  efforts 
to  find  out  about  the  ocean  and  to 
put  this  knowledge  to  use.  One  ex- 
pression of  this  National  Will  was 
the  hearings  held  last  summer  by 
the  Subcommittee  on  Oceanography 
of  the  House  Merchant  Marine  and 
Fisheries  Committee.  Although  the 
federal  witnesses  gave  good  ac- 
counts of  what  they  had  been  doing 
and  why,  the  message  from  the 
Congress  came  through  loud  and 
clear   —   it   is   not   enough. 

The  hearings  seemed  to  concen- 
trate primarily  on  the  organization 
of  the  federal  oceanographic  pro- 
gram. It  was  perfectly  clear  that  if 
the  present  program  were  complete- 
ly satisfactory,  there  would  be  no 
need  to  consider  reorganizing  it. 

Perhaps  this  National  Will  is  even 
more  clear  when  the  total  volume 
of  material  written  on  our  need  to 
get  going  in  this  field  is  compared 
with  the  less  than  one  per  cent  of 
the  total  Federal  Research  and  De- 
velopment monies  alloted  to  the 
study  of  the  oceans. 


To  say  that  1965  has  been  a  great 
year  for  oceanographic  research  and 
development  would  be  an  error. 
Compared  to  the  overall  scientific 
accomplishments  of  the  United 
States  since  last  January,  oceano- 
graphic advances  have  been  slight. 
Probably  1966  will  be  little  better. 
This  pessimism  is  one  born  of  re- 
ality. When  less  than  $150  million 
of  $15  billion  is  alloted  to  a  field, 
one  can  hardly  hope  for  any  great 
results  —  little  results,  yes,  and 
some  of  them  quite  significant,  but 
in  our  modern  world,  you  get  what 
you    pay    for. 

Oceanography  still  rates  pretty 
far  down  the  scale  when  those  con- 
cerned with  the  overall  federal 
budget  meet  to  assign  relative  pri- 
orities. 

Year  of  Consolidation.  During  1965 

all  of  the  activities  —  governmental 
and  private  —  knew  that  there  was 
to  be  no  great  opening  of  the  fed- 
eral pocketbook  solely  for  the  study 
of  the  oceans.  The  year  was  in  many 
ways  one  of  consolidation,  im- 
provement in  cooperative  efforts  to 
minimize  cost,  organizational  read- 
justments, and  general  oceano- 
graphic belt-tightening.  The  year 
1966  will  in  all  probability  mean 
more   of  the  same. 

But  what  has  come  of  all  this? 
What  have  we  in  fact  learned  or 
developed?  The  so-called  National 
Oceanographic  Program  prepared 
annually  by  the  Interagency  Com- 
mittee on  Oceanography  is  in  reality 
a  Federal  rather  than  a  National 
program,  but  it  has  in  the  past  been 
plagued   by   bookkeeping   problems. 

The  arbitrary  split  into  "Re- 
search" and  "Survey"  categories  for 
reporting  funding  has  created  no 
end  of  problems.  The  previous  lack 
of  distinction  between  the  tradi- 
tional historic  survey  activities 
(nautical  charting  by  the  Naval 
Oceanographic  Office  and  the  Coast 
and  Geodetic  Survey,  for  example) 
and  the  NASCO-recommended 
Ocean-Wide  Surveys  has  resulted 
in  the  erroneous  impression  that 
this  ocean  survey  effort  had  pro- 
ceeded much  farther  than  had  in 
fact   been   the   case. 


Project  SEAMAP.  The  research-vs.- 
surveys  conflict  is  far  from  being 
settled,  but  1965  has  seen  the 
Ocean-Wide  Survey  Program  come 
into  its  own  as  a  separate  and  iden- 
tifiable —  albeit  still  small  — 
entity  within  the  National  Oceano- 
graphic Program.  Now  called  Proj- 
ect SEAMAP  (for  Scientific  Ex- 
ploration And  Mapping  Program), 
it  is  actually  man's  first  attempt  to 
undertake  the  systematic  and  statis- 
tically significant  mapping  of  the 
deep  sea.  A  large  portion  of  the 
North  Pacific  extending  from  the 
Hawaiian  to  the  Aleutian  islands 
has  been  mapped  for  bottom  topog- 
raphy, gravity,  and  magnetics  on 
primarily  north-south  lines  some 
ten    nautical    miles    apart. 

The  early  results  are  just  now 
getting  into  print.  During  1965  sci- 
entis  >.s  throughout  the  world  have 
come  to  realize  that  the  systematic 
oceanographic  survey  should  be 
added  to  the  earlier  concept  of  the 
single  research  ship  investigation  of 
specific  phenomena  or  specific  areas. 

The  USC&GS  Ship  Pioneer  has 
done  most  of  the  work  on  Project 
SEAMAP  todate.  She  will  be  joined 
in  1966  by  two  new  C&GS  ships,  the 
Oceanographer  and  the  Discoverer. 
(UST  Nov.  p.  22)  Both  ships  have 
been  designed  specifically  for  deep- 
sea  research  and  surveys  and  at 
3800  tons  are  the  -largest  oceano- 
graphic ships  ever  built  in  this  coun- 
try. These  deep  ocean  surveys  have 
also  provided  opportunities  for  the 
Weather  Bureau  to  get  valuable 
meteorological  data  in  one  of  their 
"sparse  data  areas;"  for  the  Bureau 
of  Commercial  Fisheries  and  the 
Geological  Survey  to  get  data  they 
need;  for  several  of  the  private 
oceanographic  institutions  to  carry 
out  research  projects  in  which  they 
are   interested. 

The  year  1966  will  see  the  Naval 
Oceanographic  Office  taking  part  in 
Project  SEAMAP  in  the  western 
Atlantic;  will  see  the  Oceanogra- 
pher starting  to  work  and  heading 
for  the  Pacific;  and  the  Discoverer 
undertaking  SEAMAP  work  on  a 
trans-Atlantic  traverse  to  give  us 
for  the  first  time  a  picture  of  the 
details  of  the  seafloor  provinces 
from  continent  to  continent. 
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Continental  Shelf.  The  past  year 
saw  —  at  last  —  a  recognition  of 
the  importance  of  the  Continental 
Shelf  of  the  United  States.  This  was 
at  least  in  part  due  to  the  ratifica- 
tion of  the  Continental  Shelf  Con- 
vention. 

Thus  1965  saw  the  start  of  an 
interagency  effort  to  look  at  the 
U.S.  Continental  Shelf.  So  far  the 
effort  is  primarily  planning,  but 
1966  should  see  these  plans  starting 
to  take  shape  at  sea.  In  1965,  the 
Geological  Survey  through  a  small 
group  at  Woods  Hole  published  a 
three-sheet,  1:1,000,000  bathymetric 
map  of  the  east  coast  Continental 
Shelf.  (UST  Nov.  p.  46)  This  is  a 
start,  and  a  good  start,  but  it  is 
only  that.  The  year  1966  should  see 
a  considerable  increase  in  our  ef- 
fort to  know  our  own  off-shore 
areas  and  the  resources  it  holds. 

An  additional  high  point  of  the 
effort  in  Surveys  for  1965  was  the 
Naval  Oceanographic  Office's  con- 
tracting out  to  industry  a  large  ma- 
rine geophysical  survey  program. 
The  Navy  needed  information  badly 
for  military  purposes,  and  it  needed 
it  faster  than  it  could  be  generated 
by  its  own  ships.  This  is  the  first 
time  that  a  large-scale  survey  of 
this  sort  has  been  handled  this  way. 
It  is  quite  probable  that  other 
oceanographic  surveys  will  also  be 
contracted  out  when  the  require- 
ment for  tliem  arises.  The  best 
prospect  along  these  lines  for  1966 
will  probably  be  detailed  surveys  of 
the  Continental  Shelf,  for  here  the 
demand  has  suddenly  become  high. 

The  Bureau  of  Commercial  Fish- 
eries continued  its  survey  work  ti 
discover  and  evaluate  new  fishery 
resources.  (See  p.  47)  The  Coast 
Guard  now  has  some  32  cutters 
with  oceanographic  capability,  due 
mainly  to  the  1965  outiffiting  of 
their  Ocean  Station  Vessles  with 
winches  and  other  oceanographic 
equipment.  These  ships  are  making 
signiiicant  contributions  to  our 
knowledge  along  several  standard 
sections,  in  the  International  Ice 
Patrol  area,  and  on  cruises  such  as 
history-making  1965  cruise  of  the 
Northwind  into  the  seas  north  of 
Soviet   Russia. 

Survey  Activities.  In  1966  there  will 
be  a  modest  increase  in  the  tradi- 
tional survey  activities  and  a  quan- 
tum jump  in  the  survey  work  on 
Project  SEAMAP. 

Of  the  nine  new  or  converted 
ships  that  joined'  the  oceanographic 
research  fleet  within  the  last  year 
or  so,  it  is  interesting  to  note  that 
six  of  them  were  primarily  for  bi- 
ological oceanography.  These  are 
the  Townsend  Cromwell  (BCF), 
David  Star  Jordan  (BCF),  Un- 
daunted (BCF),  Phykos  (Smithson- 
ian), Eastward  (Duke  University), 
and  Alpha  Helix  (Scripps).  Bio- 
logical oceanographers  have  in  the 


past  been  hampered  by  having  to 
go  aboard  other  ships  on  a  not-to- 
interfere   basis. 

Oceanography  in  the  United 
States  Government  for  the  past  ten 
years  has  been  dominated  by  its  re- 
search aspects.  This  was  still  the 
case  in  1965,  but  last  year  also  saw 
for,  the  first  time  an  increased  in- 
terest in  and  emphasis  on  the  ap- 
plication of  the  knowledge  of  the 
ocean  gained  through  this  basic  re- 
search. The  area  of  ocean  engineer- 
ing is  receiving  special  attention,  and 
the  ICO  program  document  for  the 
fiscal  year  starting  in  July  will  for 
the  first  time  devote  a  separate  sec- 
tion to  this  aspect  of  oceanography. 
Similarly,  the  development  of 
oceanographic  forecasts  is  receiving 
increased  attention. 

ESSA.  The  newly-formed  Environ- 
mental Science  Services  Administra- 
tion (ESSA)  within  the  Department 
of  Commerce  is  taking  a  long  hard 
look  at  the  requirements  fcr  such 
forecast  services  as  sea  and  swell 
predictions,  surf  predicition,  and 
general  predictions  of  the  marine 
environment  for  a  wide  variety  of 
users. 

The  ICO,  too,  in  1965  formed  a 
special  panel  to  look  at  the  marine 
forecasts  put  out  or  planned  by  a 
variety  of  agencies  and  plans  to 
come  up  with  specific  recommenda- 


"Aerospace  research  has  much 
in  common  with  ocean  re- 
search. Materials,  propulsion, 
auxiliary  power  units,  guidance, 
and  comniunicatinns  systems 
are  as  vital  to  marine  vehicles 
as  they  are  to  aerospace  ve- 
hicles and  pose  many  of  the 
same  problems  .  .  .'  It  is  logi- 
cal, then,  that  the  aerospace  in- 
dustry should  turn  its  research 
attention  to  the  fields  of  the 
oceans." 

Daniel  J.  Haughton,  PreMdent 
Lockheed  Aircraft  Corp. 


tions  in  1966.  The  Weather  Bureau 
has  just  completed  a  study  of  the 
marine  forecast  services  that  their 
users  will  require,  and  the  Coast 
and  Geodetic  Survey,  in  addition  to 
their  contract  study  on  SEAMAP, 
which  included  a  report  of  user  re- 
quirements, also  in  1965  had  com- 
pleted a  study  of  the  economic  as- 
pects of  that  agency's  work  on  the 
Continental  Slielf. 

The  National  Academy  of  Sciences 
Committee  on  Oceanography  issued 
a  report  on  the  Economic  Benefits  of 
Oceanographic  Research  and  the  Na- 
tional Security  Industrial  Associa- 
tion is  even  now  in  a  large  study  of 
the  Continental  Shelf  from  the  point 
of  view  of  the  user.  It  is  interesting 
that  1985  saw  a  spate  of  studies  re- 
lated  to   the  uses   of  oceanographic 


research  and  surveys.  The  time  has 
now  come  to  get  on  with  the  job, 
and  preliminary  plans  for  1966  seem 
to  indicate  that  the  federal  agencies 
at  least  are  planning  to  do  just  that. 

ESSA  not  only  combined  the 
Weather  Bureau,  the  Coast  and  Geo- 
detic Survey,  and  the  Central  Radio 
Propagation  Laboratory  of  the  Na- 
tional Bureau  of  Standards,  but  it 
also  created  the  Institutes  for  En- 
vironmental Research.  There  are 
four  separate  institutes,  of  which 
one  is  the  Institute  for  Oceanog- 
raphy. Located,  at  least  temporarily, 
in  Washington,  the  Institute  for 
Oceanography  combines  research 
talent  from  the  Weather  Bureau  and 
the  Coast  and  Geodetic  Survey  into 
a  group  whose  mission  is  to  provide 
the  basic  and  applied  research  in 
oceanography  and  air-sea  interac- 
tion. 

Navy  thinking  is  proceeding  along 
parallel  lines,  and  a  bill  introduced 
by  Senator  Muskie  (D-Maine)  would 
move  the  same  concept  of  combin- 
ing forces  up  to  the  departmental 
level.  There  is  the  recognition  that 
in  addition  to  basic  research,  there 
must  also  be  a  bridging  between  the 
results  of  the  research  —  the  new 
knowledge  —  and  the  company  or 
individual  who  must  have  this 
knowledge  translated  into  an  op- 
erational system  which  provides 
tiim   with   something   he   needs. 

These  needs  range  widely  from 
advance  knowledge  of  sea  states,  sea 
level,  the  height  of  tsunami  run-up 
and  storm  surgQS,  to  knowledge  of 
the  stresses  to  expect  on  the  legs  of 
offshore  drilling  platforms,  strength 
of  sea  bottom  ..jdiments,  shape  of 
the  sea  floor,  rates  of  fouling  and 
corrosion,  speed  of  diffusion  of  pol- 
lutants, wave  stresses  to  which  coast- 
al structures  will  be  subjected,  and 
many  others. 

Basic  Research.  Basic  oceanographic 
research,  however,  is  still  the  sine 
qua  non  of  utilization  of  our  marine 
resources.  It  would  indeed  be  tragic 
if  we  became  so  preoccupied  with 
the  immediate  problems,  the  present 
day  applications,  that  we  in  any 
way  reduce  our  attention  to  increas- 
ing basic  oceanographic  research  or 
even  allowed  it  to  level  off.  This  is 
the  very  guts  of  the  United  States 
effort  in  oceanography.  Fortunately 
basic  oceanographic  research  does 
continue  to  be  done  and  probably 
will  be  as  long  as  there  are  curious 
scientists. 

The  year  1965  saw  some  fine  re- 
sults from  the  funds  spent  on 
oceanographic  research.  There  were 
no  spectacular  break-throughs. 
Other  than  the  exciting  work  on 
SeaLab  II,  (UST  Dec.  p.  34)  there 
were  few  results  that  even  were  ac- 
corded anything  other  than  passing 
mention  in  the  news  media.  This 
present  report  cannot  hope  to  cover 
all  the  results  of  oceanographic^  re- 
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search  in  1965.  It  cannot  even  ex- 
pect to  cover  all  the  more  important 
results,  because  the  diversity  of  the 
field.  However,  there  were  numer- 
ous results  that  almost  all  consider 
as  significant. 

Man-In-The-Sea.  Certainly  the 
Navy's  SeaLab  project  was  one  of 
the  truly  exciting  happenings  of 
1965.  Along  with  Cousteau's  Pre- 
continent  III,  (UST  Nov.  p.  21)  this 
is  at  the  very  forefront  of  our  ac- 
tually doing  meaningful  work  as 
people  at  depths  greater  than  we 
have  worked  before  and  for  longer 
times.  These  experiments  hold  great 
promise  for  our  future  in  the  sea. 
If  we  are  to  do  useful  work  on  the 
sea  floor,  it  is  important  that  work 
of   this   type   continue. 

The  tragic  loss  of  the  Thresher 
forced  us  to  concentrate  some  of 
our  resources  in  developing  the 
means  of  doing  useful  tasks  at 
greater  depths  than  before.  These 
experiments  are  just  the  first  short- 
term  probings  of  man  into  the  deep- 
er marine  environment.  The  next 
step  at  sea,  as  it  was  in  the  de- 
velopment of  our  own  West,  is  col- 
onization. There  are  no  present 
plans  for  such  colonization  in  1966, 
but  we  should  be  thinking  of  this 
for  the  future. 

Imagine,  for  example,  a  small  con- 
trol ocean  —  an  actual  small  ocean 
area  —  where  we  know  just  exactly 
what  is  going  on  all  the  time.  This 
control  ocean  —  it  could  well  be  the 
Navy's  AUTEC  in  the  Bahamas  — 
would  have  at  its  center  a  small 
underwater  settlement  where  ocean- 
ographers,  engineers,  and  technicians 
would  monitor  the  environment.  The 
Navy  has  done  some  pioneering 
work  on  the  rates  of  corrosion  of 
various  types  of  material  subjected 
to  the  deep  water  environment  for 
varying  periods  of  time.  (UST  Sept. 
p.  40) 

This  work  with  Submersible  Test 
Units  (STU)  has  been  a  first  step 
and  is  one  more  step  than  anyone 
else  has  taken.  However,  if  we  had 
had  a  small  control  ocean,  we  could 
have  monitored  the  dissolved 
oxygen  concentration,  temperature, 
and  salinity  to  which  the  test  panels 
were  subjected,  and  the  results 
would  have  been  considerably  more 
meaningful.  There  are  no  plans  for 
such  a  control  situation  in  1966,  but 
there  are  good  possibilities  for  the 
succeeding  year. 

Gulf  Stream  Studies.  Other  than  the 
man-in-the-sea  program,  the  next 
most  newsworthy  program  was  Gulf 
Stream  Studies  —  1965.  United 
States  oceanographic  vessels  had 
been  taking  part  in  the  International 
Indian  Ocean  Expedition,  The  Co- 
operative Investigations  of  the  Trop- 
ical Atlantic,  and  any  number  of  iso- 
lated one-ship  investigations  all 
over  the  global  sea,  but  hsre  was  a 


major  phenomenon  close  to  our  own 
shores   that   was    crying   for   work. 

ESSA  decided  that  this  was  some- 
thing that  had  singular  pertinence 
•  )  the  United  States.  It  was  impor- 
tant insofar  as  understanding  what 
happens  to  a  continental  air  mass 
when  it  leaves  the  continent  and 
moves  out  over  the  ocean.  It  was 
important  to  commerce  and  naviga- 
tion —  as  important  as  any  four- 
knot  addition  to  a  ship's  speed  can 
be,  and  it  was  important  in  under- 
standing the  total  environment  foi 
purposes  of  fisheries  and  national 
defense. 

The  upshot  was  that  1965  saw 
the  greatest  all-out  assault  on  the 
Gulf  Stream  yet  undertaken.  Al- 
though originally  conceived  by  the 
Coast  and  Geodetic  Survey  as  a  co- 
operative effort  with  the  Weather 
Bureau,  the  intriguing  scientific  pos- 
sibilities attracted  Fuglister  of 
Woods  Hole,  Knauss  of  the  Uni- 
versity of  Rhode  Island,  Stommel 
of  M.I.T.,  Ichiye  of  Lamont,  Holl- 
man  of  N.Y.U.,  Richardson  of  the 
University  of  Miami,  and  numerous 
others  both  in  and  out  of  govern- 
ment. 

By  the  start  of  1966  some  eight 
ships  had  taken  part  in  what  will 
be  a  year-long  study:  The  Explorei 
and  Peirce  of  the  Coast  and  Geo- 
detic Survey,  the  Crawford  oi 
Woods  Hole,  the  Trident  of  the  Uni- 
versity of  Rhode  Island,  the  Kymo 
of  New  York  University,  the  East- 
ward of  Duke  University,  the  char- 
tered Caribbean  Twin,  and  the 
Stormy  Petrel  of  the  University  ol 
Miami. 

Using  the  Braincon  Navi-Therm. 
the  Explorer,  at  the  end  of  1965. 
was  tracking  the  Gulf  Stream  me- 
anders on  a  monthly  basis  out  to  a1 
least  65°  E  from  Cape  Hatteras.  The 
Peirce  was  running  semi-monthly 
sections  seaward  of  Charleston. 
South  Carolina,  and  tide  gauges  a1 
Miami  and  Bimini  were  recording 
variations  in  sea  level  as  a  measure 
of  variations  in  volume  transport 
through  the  Florida  Straits. 

These  are  the  continuing  projects 
that  will  run  through  August  ol 
1966.  Once  these  monitoring  aspects 
had  been  established,  the  individual 
scientist  began  to  get  interested  in 
studying  the  variations  and  the  var- 
ious anomalies.  Schmitz  from  Miami 
working  with  Richardson  carried 
out  a  series  of  total  volume  trans- 
port measurements  through  the 
Florida  Straits.  Fuglister,  after 
spending  one  trip  aboard  the  Ex- 
plorer to  check  out  her  personnel 
on  the  operation  of  the  Navi-Therm 
gear,  spent  several  trips  on  the 
Crawford  tracking  the  eddies  that 
the  systematic  survey  had  identified. 

Others  were  concerned  with  the 
variations  of  the  Stream  off  Hat- 
teras and  with  the  fate  of  the  ed- 
dies.  Aircraft   from    the   Coast   and 


Geodetic  Survey,  the  Navy,  and  the 
Coast  Guard  also  took  part  in  1965 
to  look  at  the  Stream  from  the  air 
and  to  try  to  measure  the  varia- 
tions in  the  position  of  the  stream 
using  infra-red  radiation  thermome- 
try. 

By  December  of  1965  the  first  re- 
sults were  just  starting  to  come  in, 
and  they  looked  good.  We  had  dis- 
covered, for  example,  that  the  ed- 
dies thrown  off  by  the  Gulf  Stream 
v/ere  the  norm  rather  than  an  oc- 
casional happenstance. 

The  variation  in  the  large-scale 
meanders  seems  to  be  rapid  and 
large,  so  the  scientists  who  consider 
these  to  be  in  part  related  to  the 
bottom  topography  will  have  addi- 
tional data  to  crank  into  their  the- 
ories. The  upshot  is  that  by  the 
time  this  particular  survey  is  fin- 
ished in  mid- 1966  we  will  know  a 
good  deal  more  about  the  Gulf 
Stream  than  we  did  previously.  The 
Coast  and  Geodetic  Survey,  Weather 
Bureau  and  the  ESSA  Institute  for 
Oceanography  are  the  main  opera- 
tors in  this  study,  and  the  Office  of 
Naval  Research  is  the  main  support 
for  the  considerable  contribution  of 
the  "arious  private  oceanographic 
institutions. 

Oceanographic  Buoys.  For  years 
many  people  have  been  talking 
about  a  global  network  of  oceano- 
graphic buoys.  The  justifications  for 
such  a  network  have  been  spelled 
out  time  and  time  again,  but  when 
it  came  right  down  to  the  facts,  there 
was  no  buoy  system  that  was  yet 
developed  that  could  stay  in  place 
much  more  than  a  few  months. 

Even  the  oceanographers  them- 
selves were  not  agreed  on  what  it 
is  they  wanted  to  measure  and  how 
often.  In  November  of  1965  the 
Bruun  Memorial  Lecture  at  the 
fourth  session  of  the  Intergovern- 
mental Oceanographic  Commission 
meeting  in  Paris  was  delivered  by 
Robert  Stewart  of  Canada  on  the 
problems  of  measuring  variability 
in  the  ocean.  The  IOC  itself  had  a 
special  working  group  on  variabil- 
ity in  the  ocean,  and  SCOR  and 
others  had  become  concerned.  Mean- 
while the  Office  of  Naval  Research 
with  General  Dynamics/Convair 
had  quietly  been  working  on  a 
workable  ocean  buoy  that  would 
stay  put  long  enough  to  make  some 
meaningful  measurements.  This 
prototype  buoy  for  long-range  tele- 
metering of  oceanographic  data  was 
installed  in  the  Florida  Current  in 
1965.    (UST  Oct.  p.  43) 

Using  sensors  to  monitor  the 
strains  in  the  anchor  line,  the  ONR/ 
Convair  buoy  rode  out  a  hurricane 
with  no  problems.  The  40-foot  disc- 
sliaped  buoy  may  be  a  little  bit 
large  for  use  by  all  oceanographic 
ships,  but  it  is  a  step  —  and  a  giant 
step  —  in  the  right  direction. 


ESSA  has  been  developing  a  con- 
siderably smaller  buoy  for  the  sup- 
port of  several  units  for  the  meas- 
urement of  temperature,  salinity, 
and  pressure  in  the  waters  of  the 
Continental  Shelf.  This  buoy  was  in 
the  final  developmental  stages  in 
1965  and  will  be  used  in  1966  in  an 
array  on  the  continental  shelf  to 
take  a  look  at  the  range  of  varia- 
tions that  are  occurring  there.  Buoy 
technology  will  be  one  of  the  major 
aspects  of  hardware  in  1966.  The 
World  Weather  Watch  program  re- 
quires such  buoy  measurements  of 
meteorological  parameters. 

One  more  advance  that  occurred 
in  1965  was  the  development  by  the 

Navy  of  the  Navy  Navigational  Sat- 
ellite System  —  formerly  called 
Transit.  Receiving  sets  have  been  on 
loan  to  Lament,  Woods  Hole,  and 
the  Coast  and  Geodetic  Survey  for 
evaluation.  The  system  is  good.  This 
equipment  promises  to  be  the  great 
white  hope  of  oceanography,  pro- 
viding the  equipment  is  declassified. 
(UST  Sept.  p.  24). 

Observations  in  the  deep  sea  are 
interesting  even  with  the  celestial 
positioning  now  available;  but  if 
they  are  ever  to  reach  the  really 
useful  stage,  some  sort  of  accurate 
navigation  system  is  absolutely  re- 
quired. 


Ocean  Circulation.  One  of  the  major 
problems  in  present-day  oceanog- 
raphy is  still  the  question  of 
oceanic  circulation  —  particularly 
the  circulation  at  depth.  The  major 
problem  has  been  the  measuring  of 
currents  at  great  depths  in  the  ocean. 
The  development  of  deepsea  cur- 
rent meters  has  been  supported  by 
the  National  Science  Foundation  and 
the  Office  of  Naval  Research,  but 
the  results  of  this  support  are  just 
being  felt. 

The  Atomic  Energy  Commission 
as  part  of  their  support  of  the  ef- 
forts to  understand  the  deep  cir- 
culation of  the  oceans  —  of  obvious 
importance  to  the  AEC  —  has  con- 
centrated mainly  on  the  chemical 
approach  to  measuring  such  cur- 
rents. Measurements  of  the  fallout 
from  nuclear  explosions  including 
the  determination  of  Carbon-14  in 
vertical  ocean  profiles  is  beginning 
to  shed  some  light  on  the  incredibly 
complex  problem  of  deep-sea  circu- 
lation. But  the  oceans  are  tremen- 
dous, the  ships  are  small,  the  num- 
ber of  scientists  interested  in  deep 
circulation   is   still   relatively   sm.all. 

Studies  supported  by  the  Sea-Air 
Interaction  Laboratory  of  ESSA 
(SAIL  —  one  of  the  few  really 
meaningful  acronyms  yet  developed) 
and  by  ^the  AEC,  ONR,  and  NSF 
have  been  directed  toward  a  better 
understanding  of  the  various  and 
complex  interactions  between  the 
sea   and   the   atmosphere. 

The  major  problem  here,  however, 
is  one  of  instrumentation.  There  just 
are  not  available  the  instruments  to 
measure  the  fluxes  that  occur  be- 
tween these  two  environments. 

There  were  other  results  in  1965. 
Several  deep  submergence  vehicles 
were  operational.  These  included 
Cousteau's  saucer,  the  Aluminaut, 
Alvin,  Deepstar,  Deep  Jeep,  Moray, 
and  several  others  in  varying  stages 
of  test  and  operation.  The  year  1966 
will  see  an  increasing  use  of  such 
vehicles  and  their  application  to 
more  and  more  of  the  operational 
and  research  missions  of  the  agen- 
cies and  institutions  involved  in 
oceanography. 

Many  new  instrum.ents  were  in 
various  stages  of  development  or 
test  and  evaluation  at  the  end  of 
1965.  These  included  expendable 
BT's,  a  deep-water  isotopic  current 
analyzer,  shipboard  survey  systems, 
ocean-bottom  sediment  density  me- 
ter, narrow-beam  transducers,  wide- 
beam  arrays,  in-situ  devices  for 
measuring  all  sorts  of  oceanographic 
parameters,  shipboard  computer  sys- 
tems, also  dissolved  gas  analyzers, 
new  coring  devices  which  include 
heat  probes  and  current  meters,  new 
camera  systems  for  ocean  surveys, 
current  meters,  buoys,  recorders, 
telemetering  systems  and  expend- 
able eorers. 


The  field  of  instrumentation  for 
oceanography  requires  only  imag- 
ination, a  feel  for  what  is  required, 
and  some  good  engineering  to  make 
a  profit.  The  requirements  of  the- 
working  oceanographers  are  far 
from  met. 

Education.  For  years  people  have 
said  that  oceanography  cannot  ex- 
pand because  there  are  so  few 
oceanographers.  The  same  argument 
was  raised  when  the  United  States 
was  first  investigating  the  possibil- 
ities of  mounting  a  large  program, 
of  space  exploration.  The  pessimists 
said  that  it  couldn't  be  done  because 
we  had  so  few  space  scientists.  Yet 
when  the  Government  decided  to 
have  a  space  program  and  funded 
for  it,  "space  scientists  came  up  out 
of  the  woodwork,  and  they  have 
done  a  fine  job  as  our  present 
posture  in  the  space  enterprise  at- 
tests. Now  they  are  saying  that  we 
cannot  have  a  larger  oceanographic 
program  because  we  do  not  have 
enough  oceanographers.  The  answer 
here  is  "Let's  look  at  the  record." 

More  and  more  high  school  and 
college  students  are  now  interested 
in  oceanography  as  a  career.  The 
letters  that  come  in  daily  to  the 
ICO  staff  and  the  various  agencies 
are  sufficient  proof  of  this.  Due  pri- 
marily to  the  efforts  of  the  National 
Science  Foundation,  laboratories  at 
existing  institutions  were  improved, 
and  new  ones  were  constructed. 
Scientific  faculty  and  support  staffs 
were  increased,  and  new  students 
flocked  to  the  program. 

Scientific  staffs  at  these  institu- 
tions in  the  past  seven  years  have 
grown  from  230  to  489  while  grad- 
uate student  enrollment  in  all  phases 
of  oceanography  at  the  sam.e  institu- 
tions have  risen  from  about  164  in 
1958  to  over  550  at  the  present  time. 
As  an  additional  indication  of  the 
growth  of  personnel  in  this  field, 
about  50  senior  research  personnel 
received  grants  in  1958,  whereas 
over  200  received  such  grants  in 
1964. 

In  summary,  1965  saw  some  ad- 
vances. These  were  commensurate 
with  the  funding  available  and  re- 
flected a  tightening  up  of  the  pro- 
grams in  general.  The  year  1966  will 
probably  be  little  different.  No  great 
break-throughs  are  envisioned,  but 
then  who  knows  when  something 
really  spectacular  will  happen  or  be 
developed  when  a  large  group  of 
dedicated  persons  in  industrial  labs 
and  government  labs  and  in  private 
oceanographic  institutions  and  uni- 
versities across  the  country  are  all 
concerned  with  finding  out  about 
the  global  sea?  Anything  may  hap- 
pen at  any  time,  and  this  is  as  true 
for  the  national  oceanographic  pro- 
gram as  a  whole  as  it  is  for  the 
individual  research  or  survey  ship 
rolling  its  way  along  some  deep  un- 
charted sea,  always  looking  and 
listening,  always  measuring,  and  al- 
ways interested. 
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Environmental  Pollution 


Man  has  always  been  faced  with  the 
problem  of  getting  rid  of  his  wastes. 
At  one  time  this  was  simply  solved  by 
moving  to  a  new  cave.  But  as  our 
numbers  increased,  we  spread  over 
more  and  more  of  the  land;  as  our 
technology  developed,  we  had  more 
and  different  types  of  wastes  to  get 
rid  of.  The  size  of  the  total  environ- 
ment remained  constant,  but  the 
amount  of  undesirable  material  which 
man  throws  off  into  his  atmosphere, 
spreads  over  or  buries  on  his  land,  or 
dumps  into  his  rivers  and  oceans  has 
increased  to  the  point  where  his  actual 
existence  is  seriously  threatened  by  his 
contamination  of  the  very  environment 
which  has  so  long  sustained  him. 

Our  environmental  pollution  has 
now  reached  the  point  that  drastic 
measures  must  be  undertaken.  There  is 
no  new  cave  to  move  to  and,  if  we 
continue  our  present  course,  we  will 
be  trapped.  To  the  growing  awareness 
of  the  problem  has  been  added  a  na- 
tional concern  for  the  future  if  the 
present  rate  of  destroying  our  life- 
sustaining  environment  continues.  This 
has  resulted  of  late  in  many  articles  in 
the  popular  press — articles  in  some 
cases  designed  to  scare  us  into  action, 
but  all  written  to  point  out  the  inevi- 
table fate  awaiting  us  unless  something 
is  done.  The  scientists  of  the  United 
States  have  become  increasingly  con- 
cerned, and  the  recent  publication  of 
the  National  Academy  of  Sciences'  re- 
port, "Waste  Management  and  Con- 
trol," focused  some  of  the  best  minds 
in  the  country  on  this  problem.  The 
result  of  this  recent  awareness  of  the 
magnitude  of  the  problem  we  are  fac- 
ing is  a  growing  national  will  to  get 
on  with  solving  the  problem  so  that 
our  earth  will  continue  to  be  habitable. 

The  concern  of  the  scientist  for  the 
problem  and  the  knowledge  that  part 
of  the  solution  must  come  from  him 
have  resulted  in  his  devoting  part  of 
the  December  meeting  of  the  Ameri- 
can Association  for  the  Advancement 
of  Science  to  discussions  of  environ- 
mental pollution  and  possibilities  of  its 
control.  Both  Section  M  (Engineering) 
and  Section  O  (Agriculture)  have  sched- 
uled full  technical  sessions  on  pollu- 
tion and  its  control.  The  AAAS  Gen- 
eral Session  on  the  morning  of  28  De- 
cember  will    be   a   broad    look    at   the 
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current  problems  of  environmental 
pollution  and  control.  Five  discussions 
on  environmental  pollution  will  cover 
the  health  aspects,  future  problems  in 
estuaries  and  coastal  marine  waters, 
the  atmosphere,  nuclear  aspects,  and 
the  role  of  industry  in  environmental 
pollution. 

Norton  N.  Nelson  (Department  of 
Environmental  Medicine,  New  York 
University  Medical  Center)  will  con- 
sider the  health  aspects  of  environ- 
mental pollution.  Waste  products  are 
considered  as  pollutants  when  they  be- 
come objectionable  or  harmful  to  man. 
So  it  is  man  himself,  both  as  the  cause 
and  as  the  recipient,  about  whom  we 
are  most  concerned.  What  is  our  en- 
vironmental pollution  doing  to  the  hu- 
man body? 

Donald  W.  Pritchard  (Chesapeake 
Bay  Institute  of  the  Johns  Hopkins 
University)  has  specialized  in  the  basic 
understanding  of  estuaries  and  their 
physical  processes,  and  he  will  discuss 
some  of  the  more  critical  problems 
which  we  will  face  in  the  future  if  our 
lakes,  estuaries,  and  near-shore  waters 
are  considered  primarily  as  waste  re- 
ceptacles without  consideration  for 
their  other  resource  potentials.  Some 
52  million  people  live  within  a  50-mile- 
wide  belt  along  the  coasts  of  the  United 
States.  This  is  only  about  8  percent 
of  our  total  land  area  but  it  is  oc- 
cupied by  almost  30  percent  of  our 
population.  At  present  growth  rates, 
this  population  can  be  expected  to  dou- 
ble in  the  next  30  years.  As  our  pack- 
ing of  people  and  industries  into  this 
area  intensifies,  so  too  will  our  waste 
concentration  and  attendant  pollution 
become  even  more  of  a  problem.  It  is 
in  this  coastal  strip  that  man  is  in  the 
most  intimate  contact  with  the  marine 
environment.  In  terms  of  seafood 
harvested  per  unit  area,  the  estuaries 
are  the  most  productive  marine  en- 
vironment used  by  man,  but  they  are 
also  increasingly  used  for  the  non- 
extractive  resources  such  as  transporta- 
tion, recreation,  and  waste  disposal.  Yet 
these  utilizations  of  the  same  resource 
are  in  mutual  conflict.  How  should  this 
problem  be  approached  for  optimum 
resource  utihzation?  . 

Vernon  G.  MacKenzie  (Division  of 
Air  Pollution,  the  Public  Health  Serv- 
ice)   will   discuss  the  problems  of  air 
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pollution.  Twenty  years  ago  the  prob- 
lem of  air  pollution  was  considered  to 
be  only  scattered  local  smoke  nuisances, 
and  public  indignation  was  focused 
more  on  dirty  shirts  than  on  dirty 
lungs.  Even  as  late  as  the  1950's  local 
control  efforts  were  directed  to  the 
limited  objective  of  controlling  a  nui- 
sance. Today,  however,  the  situation  is 
dramatically  different.  To  the  original 
nuisance  value  of  smoke  has  been 
added  a  host  of  gaseous  and  particle 
pollutants  which  greatly  outstrip  the 
capacity  of  the  atmosphere  to  disperse 
them,  and  the  local  nuisance  has 
evolved  into  a  ubiquitous  threat  to  our 
national  health  and  welfare.  The  effects 
of  air  pollution  now  are  extremely  seri- 
ous. Lowest  estimates  of  annual  eco- 
nomic losses  due  to  air  pollution  in  the 
United  States  are  several  billions  of 
dollars,  and  these  figures  do  not  in- 
clude the  costs  in  human  health  and  ir- 
ritation. While  the  degree  of  air  pollu- 
tion   rises    annually,     the    amount    of 
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available  air  remains  the  same.  The 
1963  Clean  Air  Act  is  a  step  in  the 
right  direction,  but  the  fragmentation 
of  political  responsibility  for  air  pollu- 
tion control  and  the  economic  impedi- 
ments to  strong  controls  presently  hind- 
er efforts  to  avoid  what  could  very 
easily  become  a  major  national  disaster. 

Joseph  A.  Lieberman  (Division  of 
Reactor  Development  and  Technology, 
U.S.  Atomic  Energy  Commission)  will 
concentrate  on  the  expected  growth  of 
nuclear  power  and  tne  quantities  of 
radioactive  material  this  growth  will 
entail.  He  will  review  and  examine 
the  environmental  aspects  of  the  in- 
creasing use  of  nuclear  power  for  the 
generation  of  electricity  and  discuss 
what  is  now  being  done  to  control  the 
problems  related  to  the  radioactive  fis- 
sion products  produced  during  nuclear 
plant  operation. 

Athelstan  F.  Spilhaus  (Institute  of 
Technology,  University  of  Minnesota) 
has  devised  a  wholly  new  concept 
whereby  industry  instead  of  concentrat- 
ing on  the  products  it  produces,  also 
considers  what  is  left  over  or  discarded 
and  makes  use  of  this.  It  is  a  closing 
of  the  loop  with  reduced  pollution  as 
one  end  result.  The  traditional  job  of 
industry  has  been  the  supplying  of 
things  to  contribute  to  the  "ease"  of 
our  living.  A  polluted  environment 
loaded  with  the  discards  of  "ease" 
causes  "'dis-ease" — sometimes  .  in  the 
physical  sense,  more  than  likely  con- 
tributes to  mental  disease,  but  unques- 
tionably to  the  larger  definition  of  dis- 
ease as  opposed  to  ease. 

American  scientists  are  concerned 
about  environmental  pollution — very 
seriously  concerned.  They  are  upset 
about  what  they  find  about  them  now 
and  what  they  can  predict  for  the  fu- 
ture. They  want  to  and  must  contribute 
a  major  increment  to  the  solution  of 
what  has  become  the  major  environ- 
mental problem  facing  mankind.  Man 
made  the  problem,  and  man  can  solve 
it.  The  symposium  at  the  annual 
meeting  of  the  American  Association 
for  the  Advancement  of  Science  on 
28  December  will  be  one  step  to- 
ward  this   solution. 

Harris  B.  Stewart,  Jr. 
Institute  of  Oceanography, 
Environmental  Science  Services 
Administration,  Silver  Spring,  Maryland 
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DEEP  CHALLENGE  by  Harris   B.   Stewart,    Jr.    (Van  No  strand,    $5.95) 


In  the  year  2000  there  will  be  "undersea  hotels"  with  "thick 
transparent  plastic  domes  over  the  major  public  rooms,    so  the  patrons 
can  watch  the  sea  from  beneath,"  and  "floating  islands"  extending  our 
cities  seaward  --   "an  industrial  island  with  underwater  nuclear  power 
plants,"  and  "bedroom  islands  like  the  bedroom  suburbs,"  and  a 
"shopping  center  island,    and  one  strictly  for  recreation  ..." 

Furthermore,    "we  should  be  able  to  predict  long-range  weather 
with  a  fair  degree  of  accuracy  .  .  .    fresh  water  from  the  sea  will  be 
available  ...    at  a  cost  of  under   30  cents  per  gallon  .  .  ,    vitamins,    drugs, 
and  antibiotics  from  the  sea  will  be  a  large  industry,"  and  "rapid  hydro- 
foils and  ground- effect  machines  will  regularly  ply  the  calmer  routes" 
at  ten  times  present  ship  speed. 

We  might  even  be  able  to  swim  without  bumping  into  jellyfishl 

All  of  these  goodies  and  more  are  promised  in  this  excellent  book 
about  the  sea  by  a  man  who  is  well  qualified  to  write  about  it:     Dr. 
Stewart  is  Director  of  the  Institute  for  Oceanography  of  the  Environmental 
Science  Services  Administration  of  the  U.   S.    Dept,    of  Commerce. 

"Deep  Challenge"  is  non-technical  but  authoritative  and  it  covers 
a  great  many  watery  facets  --  meteorology  commerce,    resources, 
defense,   mapping,   history,   mid-ocean  rises ,   fracture  zones,   waves, 
tides,    "abundant  and  varied  life,"  chemistry,    law,   navigation  .  .  . 

There  are  good  pictures  including  many  showing- modern  oceanauts 
and  their  equipment.     Mouth  watering  pictures   .  .    oh  to  be  young  again, 
and  go  down  to  and  into  the  sea  in  ships   .  .  .    ships  like  the  famous 
"Atlantis,  "  out  of  Woods  Hole  .  .  . 

John  White  -The  New  Haven  Register 
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A  big  problem  in  oceano graphic  instrumentation  today  is  the  lack  of  reliable  instruments. 
To  be  effective,  instruments  must  be  able  to  withstand  the  rigors  of  their  environment. 
ESSA's  Director  of  Oceanography  states  that  more  attention  must  be  given  to  the  marine 
environment  in  order  to  engineer  effective  instrumentation. 


ESSA  Assumes  Greater  Share 

Of  Instrumentation  Workload 


Compatibility  of  oceanographic  in- 
strumentation systems  is  essential 
for  deep  ocean  research  and  explora- 
tion, stated  ESSA's  Dr.  Harris  B. 
Stewart.  Precise,  exacting  statements 
tell  much  about  the  character  of  this 
well-known  scholar,  oceanographer 
and  administrator. 

He  has  such  intense  awareness  of 
what  is  going  on  around  him  that  it 
takes  but  a  few  moments  of  discussion 
with  him  before  you  are  completely 
drawn  up  in  the  sense  of  urgency  he 
educes.  Far  from  being  a  chair-borne 
administrator,  one  need  only  look  at 
the  scuba  gear,  photos  and  other  para- 
phernalia in  his  office,  to  deduce  that 
Dr.  Stewart  would  be  just  as  at  home 
on  the  deck  of  a  research  ship  as  he 
is  within  the  confines  of  ESSA 's  head- 
quarters near  Washington. 

Sandwiched  between  busy  confer- 
ences and  other  pressing  government 
matters,  DATA  was  able  to  sit  down 
with  Dr.  Stewart  and  listen  as  he 
talked  on  his  favorite  subject  .  .  . 
oceanography. 


ESSA's  Dr.  Stewart  looks  right  at  home 
on  the  bridge  of  the  USC&GS  ship 
Pioneer.  This  photo  was  taken  on  the 
Indian  Ocean  Expedition  of   1964. 

— USCI-GS 


Interview  with 
Dr.  Harris  B.  Stewart,  Jr. 

Director,  ESSA  Institute  for 
Oceanography 


Q.  ESSA's  budget  for  oceanographic 
instrumentation  decreased  from  $1,- 
062,000  in  FY  1966  to  $706,000  in 
fiscal  year  1967.  Does  this  indicate 
less  emphasis  by  ESSA  on  the  prob- 
lems related  to  oceanographic  instru- 
mentation? 

A.  I  would  hope  that  this  isn't  con- 
strued that  way.  One  of  the  things 
that  happens  in  Washington,  as  you 
probably  know,  is  that  numbers  get 
juggled,  and  the  apparent  decrease 
in  instrumentation  for  ESSA  for  '67 


is  strictly  a  result  of  this  federal  num- 
bers game.  The  reason  behind  that 
apparent  drop — and  it  is  only  an  ap- 
parent drop — is  that  for  FY  '67  the 
Interagency  Committee  on  Oceanog- 
raphy for  the  first  time  broke  out 
ocean  engineering  as  a  separate  budget 
category.  So  those  items  that  had 
been  included  in  that  $1,062,000  for 
instrumentation  by  ESSA  in  FY  '66 
also  included  ocean  engineering 
money.  In  FY  '67,  on  the  other 
hand,  the  instrumentation  dollars  and 
oceanographic      engineering      dollars 


were  made  into  separate  categories. 
So  it  only  looks  as  though  the  instru- 
mentation is  less.  Actually,  instru- 
mentation money  for  FY  '67  as  sub- 
mitted to  the  ICO  is  $750,000.  Ocean 
engineering  money  for  FY  '67  is 
$380,000.  You  add  these  two  together 
and  you  get  $1,130,000  which  is,  in 
fact,  an  increase  over  FY  '66.  So 
there  is  certainly  no  de-emphasis  of 
instrumentation  in  our  ESSA  budget. 
As  a  matter  of  fact,  we  feel  very 
strongly  about  the  importance  of  this 
area,  particularly  upgrading  the  instru- 
mentation— developing  new  and  mean- 
ingful instrument  systems.  So,  if  any- 
thing, there  is  more  emphasis  rather 
than  less. 

Q.  Dr.  Stewart,  you  are  the  Director 
of  the  new  ESSA  Institute  for  Ocean- 
ography. Will  your  Institute  be  carry- 
ing out  instrumentation  development 
also? 

A.  No,  we  won't — at  least  for  the 
time  being.  When  we  have  the  East 
Coast  lab  of  the  Institute  for  Ocean- 
ography located  somewhere  on  the 
East  Coast,  hopefully  within  the  next 
three  years  or  so,  we  may  develop 
some  instrumentation  capability.  Until 
then,  however,  we  will  continue  to 
depend  on  the  other  instrumentation 
people  within  ESSA.  The  main  one 
here  is  the  Engineering  Division  of 
the  Coast  and  Geodetic  Survev  under 
Tom  Hickley.  This  is  a  crackerjack 
group — smail,  but  good — and  they 
have  an  impressive  array  of  good 
equipment  which  they  have  developed. 
We  also  work  with  the  Weather  Bu- 
reau people,  especially  in  the  develop- 
ment of  specialized  equipment  for  the 
Institute's  work  in  sea-air  interaction 
research.  This  is  carried  out  by  the 
Sea-Air  Interaction  Lab — SAIL — one 
of  the  few  really  meaningful  acronyms 
in  use  in  Washington  these  days. 
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Q.  Has  the  automatic  hydrographic 
survey  system  placed  aboard  the 
Oceanographer,  your  recently  com- 
missioned survey  ship,  been  fully 
tested  at  sea,  and  are  you  satisfied 
with  its  performance  to  date? 

A.  Let  me  take  this  in  two  parts. 
There  is  confusion  in  this  country 
regarding  the  word  "hydrographic.'" 
Within  the  federal  agencies,  we  speak 
of  hydrographic  surveys  as  nautical 
charting  surveys,  relating  just  to  sur- 
vey of  the  depth  of  the  ocean.  In  the 
general  oceanographic  community, 
however,  we  regard  hydrographic  sur- 
veys as  the  measuring  of  oceano- 
graphic parameters  such  as  tempera- 
ture, salinity,  dissolved  oxygen  and  so 
on.  Within  that  context,  I  would  pre- 
fer to  call  the  system  aboard  the 
OcEANOGRAPHER  an  environmental 
data  acquisition  system,  which  is  really 
what  it  is,  with  some  of  the  informa- 
tion coming  in  (that  is,  the  depth  in- 
formation) relating  to  hydrography. 
Regarding  the  second  part,  it  has  not 
been  fully  tested  at  sea  yet.  It  is 
still  undergoing  final  check-out,  par- 
ticularly software  check-out,  and  we 
can't  say  yet  whether  or  not  we  are 
completely  satisfied  with  its  perform- 
ance. It  looks  great,  but  there  is  still 
debugging  going  on. 

Q.  Will  data  gathered  with  this  sys- 
tem be  fed  to  the  National  Oceano- 
graphic Data  Center  at  Washington? 
If  so,  in  what  form  will  NODC  receive 
the  data? 

A.  The  answer  to  the  first  part  of 
that  is  yes,  indeed.  The  Coast  Survey, 
Weather  Bureau,  and  now  ESSA  have 
been  strong  supporters  of  NODC  since 
we  officiated  at  its  birth,  and  we  con- 
tinue to  be.  All  of  our  oceanographic 
data  will  go  to  NODC.  We  can  say 
this  categorically  with  no  problems 
at  all.  For  our  own  use,  we  will  have 
to  do  some  manipulating  of  the  data 
by  computer  after  it  comes  into  our 
office.  We  will  be  able  to  furnish  it 
to  NODC  in  a  form  compatible  with 
their  data  storage  and  retrieval  sys- 
tem. As  a  matter  of  fact,  in  the  basic 
design  of  this  system  we  worked  very 
closely  with  the  people  at  NODC  to 
be  sure  that  what  we  would  be  getting 
out  of  our  system  would  be  com- 
patible with  them.  I  think  this  is 
terribly  important.  As  people  around 
the  country  are  producing  various 
types  of  instrument  systems,  I  think 
they  must  use  the  word  "system"  in 
its    entirety    and    include    the   storage 


and  retrieval  of  the  data  as  part  of 
the  original  system  design.  That  is, 
I'm  afraid  that  people  are  going  to 
come  up  with  really  fine  pieces  of 
equipment,  and  information  coming 
out  the  end  looks  fine,  but  there  is  no 
way  without  going  to  great  expense  of 
making  it  compatible  with  the  data 
storage  and  retrieval  system  at  NODC. 
This  might  be  a  good  place  to  urge 
the  instrument  manufacturers  to  keep 
NODC  in  mind  as  they  design  their 
gear.  To  be  useful,  the  data  must  be 
retrievable. 

Q.  Will  the  automatic  data  collec- 
tion system  on  the  Discoverer,  your 
other  new  ship,  be  modified  in  any 
way  as  a  result  of  experience  gained 
at  sea  on  the  Oceanographer? 

A.  Actually  these  two  ships,  the 
Oceanographer  and  the  Discoverer 
— and  they're  real  beauties,  just  mag- 
nificent vessels — were  built  as  what 
we  call  "paired  hulls."  That  is.  there 
was  a  lower  price  per  ship  by  contract- 
ing them  at  the  same  time  to  be  built 
in  the  same  yard  together.  Conse- 
quently, the  Discoverer  is  following 
too  close  on  the  heels  of  the  Ocean- 
ographer to  affect  any  modifications 
in  the  latter  as  a  result  of  experience 
on  the  former.  Probably  modification 
of  the  system  will  evolve,  however, 
as  we  gain  experience  on  these  things. 

Q.  How  do  the  systems  installed  on 
these  two  ships  compare  to  the  survey 
system  on  the  Navy's  Silas  Bent? 

A.  That  is  hard  to  say.  The  Silas 
Bent  is  a  very  good  system  and  the 
ones  on  the  Oceanographer  and  Dis- 
coverer are  equally  good.  I  don't 
know  how  to  put  this  exactly.  They 
aren't  the  same.  But  insofar  as  the 
end  products  are  concerned,  insofar 
as  the  National  Oceanographic  Data 
Center  is  concerned,  insofar  as  having 
the  data  available  for  use  is  concerned, 
the  end  products  come  out  very  simi- 
larly indeed.  There  are  some  differ- 
ences in  their  hardware,  and  there  i,; 
a  little  difference  in  the  software,  but 
the  end  result  comes  out  the  same.  I 
am  only  partially  familiar  with  the 
gear  on  the  Bent — it's  awful  good 
stuff — but  I  don't  really  think  it  makes 
much  difference  what's  between  the 
ocean  and  the  end  so  long  as  the 
end  products  come  out  and  are  mu- 
tually interchangeable  and  compatible 
— and  they  are.  For  example,  on  the 
big  flatbed  plotter  that  is  on  the 
Oceanographer  we  can  take  infor- 
mation tapes  directly  from  the  Silas 


Bent  and  plot  them  on  the  Ocean- 
ographer. So  there  is  intercom- 
patability  here  and  the  end  products 
can  be  in  the  same  format.  And  this 
is  really  the  important  part  even 
though  there  are  considerable  differ- 
ences in  the  systems.  One  difference, 
for  example,  the  Bent  has  a  very  in- 
teresting system  in  which  they  can 
automatically  lower  a  sensing  device 
over  the  side.  It  is  all  done  from  up 
on  deck  automatically.  They  can  push 
buttons  and  the  boom  comes  over  and 
lowers  the  gear  all  by  itself  in  a 
pre-programmed  arrangement.  Ours 
doesn't  have  this.  Ours  is  still  lowered 
by  a  man  at  the  winch.  But  the  stuff 
that  comes  out  the  other  end  is  com- 
patible— and  this  is  the  important 
part. 

Q.  Will  ESSA's  next  ship  have  the 
same  kind  of  survey  system,  or  is  a 
different  kind  of  data  collection  com- 
plex  planned   for   her? 

A.  It  will  be  the  same  general  kind 
of  system;  that  is,  the  objectives  and 
the  methodology  for  reaching  these 
objectives  are  alike  or  very  nearly  so. 
However,  we  will  be  able  to  modify 
the  next  system  as  a  function  of  ex- 
perience gained  both  on  the  Ocean- 
ographer and  the  Discoverer  and 
with   the   Silas   Bent.    So  hopefully, 
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the  next  one  will  have  a  different 
system  but  the  end  results  will  be  the 
same  or  better.  Hopefully,  it  will  be 
even  cheaper. 

Q.  What  progress  has  been  made 
this  year  with  the  new  ODESSA  buoy 
system  for  the  ocean  survey  program? 

A.  This  system  is  coming  along 
very  nicely.  The  ODESSA  system  is 
still  in  the  testing  stage.  Final  tests 
were  carried  out  in  October.  She  is 
being  put  in  for  30  days  in  Chesa- 
peake Bay.  The  last  year  she  has  been 
debugged  and  modified  and  we  have 
a  crackerjack  system  now,  and  she 
is  coming  up  with  some  interesting 
things.  We  have  had  her  out  in  Chesa- 
peake Bay  with  three  sensors  down 
and  have  gotten  some  interesting  pat- 
terns, particularly  in  the  currents.  At 
one  point  of  the  game  we  were  getting 
.2  of  a  knot  at  the  surface,  .7  of  a 
knot  at  mid-depth  and  .2  of  a  knot 
at  the  bottom  with  the  one  in  the 
middle  going  the  opposite  direction. 
This  doesn't  tie  in  exactly  with  our 
preconceptions  of  stratified  flow  in 
estuaries,  so  this  is  going  to  take  some 
research  and  snooping.  But  we  are 
delighted  with  the  equipment. 

Q.  ESSA  has  successfully  used  a 
submerged     platform     for     mounting 


oceanographic  instruments.  Are  you 
encouraged  by  tests  to  date,  and  do 
you  believe  this  technique  will  be  used 
extensively  in  the  future? 


A.  My  answer  here  is  a  categorial 
"yes"  to  both  of  those.  We  are  utterly 
delighted  with  the  results  to  date  and 
I  think  that  the  results  that  we  have 
gotten  so  far  and  the  high  level  of 
applicability  of  this  system  to  solving 
lots  of  problems  necessitates  its  being 
used  a  good  deal  in  the  future.  So  far, 
it  has  been  anchored  in  4300  feet  of 
water  about  100  miles  west  of  Los 
Angeles  and  some  27  miles  south 
of  San  Nicholas  Island.  Forty-three 
hundred  feet  is  pretty  deep  water.  We 
have  some  very  interesting  data,  con- 
tinuous data,  on  variations  in  currents 
at  500  feet,  at  2200  feet,  and  at  3900 
feet  with  all  of  the  sensors  working 
continuously  for  30  days.  In  addi- 
tion, we  got  wave  height  data  from  an 
upward-looking  transducer  on  the  sub- 
merged platform  and  we  also  have 
wind   speed   and  direction   from   gear 


on  the  surface  buoy.  We  have  good 
tide  records  from  this  system,  and 
we  have  also  used  this  submerged 
buoy  as  a  geodetic  marker — that  is, 
there  are  floats  along  the  cable  and  we 
have  run  some  tests  on  this  that  look 
as  though  this  is  a  feasible  way  of 
making  a  geodetic  marker — say  out 
on  the  Continental  Shelf  or  in  the 
deep  sea  somewhere.  You  are  able 
to  pick  up  this  array  with  your  echo 
sounder  and  it  does  make  a  good 
marker.  So  far  as  we  know,  it  is  still 
there  and  has  been  for  six  months. 
We  would  hope  to  get  some  instru- 
ments back  on  it  and  get  going  again, 
but  this  involves  money  and  this  sub- 
merged platform  system  has  been 
done  pretty  much  on  a  shoestring. 
The  same  system  has  been  picked  up, 
modified  some,  and  is  the  "spider 
system"  as  they  call  it  that  is  in  use 
at  Woods  Hole. 

But  in  answer  to  the  second  part 
of  your  question.  I  think  that  because 
of  the  very  high  degree  of  stability  of 
this  platform  it  will  have  considerable 
use    in    future    operations    because    it 


ESSA's  research  vessel,  the  Oceanographer  was  commissioned  earlier  this  year  at 
which  time  the  President  delivered  a  major  policy  statement  on  the  future  of 
oceanography.   A  sister  ship,  the  Discoverer  will  soon  join  the  fleet.  ~USC&GS 
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This  schematic  illustrates  one  of  the  ways 

the  ocean  current  can  be  measured 

using  an  anchored  radio  buoy.   Roberts 

current  meters  are  strung  along  a 

stabilized  swiveting  cable  at  different 

depths.   The  swivels  prevent  fouling  of 

the  instruments  in  the  current. 


gels  your  sensors  away  from  the  ef- 
fects of  surface  waves.  I  might  add 
that  it  was  originally  designed  to  hold 
a  three-component  magnetometer  for 
measuring  the  earth's  magnetic  field. 
This  was  its  original  purpose  and  it 
was  important  to  have  a  measure  of 
stability  in  the  buoy  in  order  to  ob- 
tain the  desired  magnetic  data.  You 
can't  have  the  buoy  swiveling  and 
turning.  It  seems  to  have  worked 
very  well  and  has  a  lot  of  other 
oceanographic  possibilities. 

Q.  What  are  some  of  the  major 
instrumentation  programs  underway  at 

ESSA? 

A.  We  have  quite  a  few.  One  of 
them  well  worth  mentioning  is  the 
work  we  are  doing  on  deep  sea  tide 
gauges.  This  is  an  interesting  project. 
I  keep  wanting  to  get  away  from  the 
instrumentation  and  into  the  reason 
for  it  because  I  think  too  often  in- 
strumentation is  thought  of  as  an  end 
in  itself  and  really  it  is  just  a  tool 
for  doing  the  things  that  have  to  be 
done.    We  have  installed  a  deep  sea 


tide  gauge  off  Norfolk  at  a  depth  of 
5000  feet  that  has  run  for  30  days. 
This  was  put  in  by  the  Coast  Survey 
ship  the  Explorer  and  this  has  really 
fine  possibilities.  This  work  is  also 
part  of  an  international  program  to 
obtain  deep  sea  tide  readings  through- 
out the  world  ocean  so  that  we  will 
begin  to  have  some  feel  as  to  how  the 
tide  wave — as  opposed  to  a  tidal  wave 
— moves  in  the  ocean.  This  will  have 
great  implications,  not  only  from  the 
point  of  view  of  theoretical  oceanog- 
raphy, but  also  will  help  in  the  pre- 
diction of  tides  at  places  where  we 
don't  have  any  predictions  now.  So 
the  deep  sea  tide  gauge  is  one.  We 
have  some  people  working  on  a  new 
type  of  current  meter,  again  the  im- 
peller type  but  for  high  velocity  cur- 
rents and  with  internal  recording.  We 
are  working  too  on  the  use  of  a  tor- 
roidal  coil  with  inductive  coupling 
to  the  supension  cable.  TTiis  will  be 
a  current  meter  and  will  be  complete- 
ly free  to  move  around  the  cable  with- 
out getting  the  current  meter  tied  up 
in  the  suspension  cable  and  avoiding 


the  trouble  of  having  an  electrical  lead 
coming  up  to  the  cable — it  gets  wound 
up  if  you  get  in  reversing  or  rotary 
tidal  currents.  So  with  this  inductive 
coupling  the  meter  can  just  swivel 
around  the  cable  without  giving  us  any 
trouble.  Also  our  people — primarily 
the  Engineering  Division  of  the  Coast 
&  Geodetic  Survey,  also  part  of  ESSA 
— are  working  on  a  new  buoy.  This 
is  a  near-shore  buoy  for  current 
measurements  in  estuaries  and  harbors. 
This  will  be  a  two  point  moor  for 
use  in  measuring  reversing  tidal  cur- 
rents, with  the  whole  string  of  meters 
anchored  to  the  bottom.  This  is  now 
under  development  and  it  has  good 
possibilities  as  a  device  for  improved 
measurement  of  reversing  currents. 

Q.  Do  you  think  all  instrumenta- 
tion should  be  handled  through  a  na- 
tional instrumentation  center?  Or  do 
you  think  each  agency  should  develop 
and  service  the  particular  instruments 
it  requires? 

A.  I  would  prefer  to  answer  this 
not  on  the  "either-or"  basis  but  per- 
haps on  an  "and"  basis.  Let  me  take 
the  second  part  first.  I  think  it  would 
be  a  very  serious  tactical  mistake  to 
separate  the  development  of  instru- 
mentation from  the  people  who  will 
be  using  it  and  requiring  it.  This,  I 
think,  is  one  of  the  great  strengths  in 
the  instrumentation  lab  that  the  ESSA 
Coast  &  Geodetic  Survey  has,  the  in- 
strumentation lab  the  Navy  has,  the 
instrumentation  labs  at  Scripps  and 
Woods  Hole,  in  that  the  instrumenta- 
tion is  being  developed  right  there 
where  the  people  who  are  going  to 
use  it  can  have  a  finger  in  it. 

Insofar  as  the  first  part  of  your 
question  is  concerned,  I  still  think 
that  each  agency  should  in  fact  de- 
velop and  service  the  particular  new 
instruments  that  it  requires  for  carry- 
ing out  its  own  work  but — and  this 
is  a  big  but — there  are  problems  which 
are  common  problems  to  all  of  these 
instrumentation  labs  and  these  should 
be  handled  through  a  national  center 
of  some  sort.  Let  me  explain  what  I 
am  talking  about.  There  has  been  a 
lot  of  talk  about  a  national  instru- 
mentation center.  Those  that  have 
been  opposed  to  it  did  not  want  to  give 
up  the  prerogative  of  having  the  in- 
strumentation developed  in  close  co- 
operation with  people  who  use  it,  and 
I  am  with  them  completely.  There  has 
been  a  lot  of  misunderstanding  as  to 
what  a  national  instrumentation  cen- 
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ter  mieht  do.  My  own  personal  feel- 
ing is  that  this  is  a  place  that  should 
serve  the  common  needs  of  every- 
body involved  in  instrumentation.  This 
might  be,  for  example,  a  single  na- 
tional calibration  activity,  where  things 
like  reversing  thermometers  and  cur- 
rent meters  can  be  calibrated  against 
a  standard  of  some  sort.  Currently 
there  really  is  no  uniform  standard, 
so  far  as  I  know,  for  any  of  these 
oceanographic  instruments.  This  is 
the  sort  of  thing  that  could  be  done 
at  a  national  center.  A  national  cen- 
ter could  provide  a  focal  point  for  in- 
formation on  instrumentation  and  in- 
strumentation development  where  the 
needs  of  the  various  agencies  are  com- 
mon needs,  and  this  center  could  then 
develop  instruments  that  could  be  used 
by  all  agencies.  The  biggest  role  that 
such  a  center  could  play  is  in  the 
area  of  standardization  and  inter-cali- 
bration of  instruments.  This  way  you 
know  perfectly  well  that  when  ship 
A  goes  out  with  instrument  B,  the 
results  that  you  get  back  are  complete- 
ly compatible  with  those  that  come 
back  from  ship  C  using  instrument  D. 
This  is  very  important  and  as  of  now 
there  is  no  facility  for  accomplishing 
this.  This,  it  seems  to  me,  would  be 
the  great  role  of  a  national  instru- 
mentation center.  But  I  think  it  would 
be  too  bad,  however,  to  remove  the 
present  Navy  Oceanographic  Instru- 
mentation Center,  which  is  a  fine 
group  under  Gil  Jaffe,  from  the  Navy 
and  say  we  will  call  it  the  National 
Instrumentation  Center.  This  group 
now  is  satisfying  specific  Navy  needs 
for  Navy  hardware  which  they  must 
have.  By  the  same  token  it  would  be 
too  bad  to  remove  the  ESSA  instru- 
mentation center.  But  there  are  a  lot 
of  things  that  a  national  center  could 
do  which  would  remove  some  of  the 
problems  in  these  two  centers  and 
leave  them  to  work  with  and  develop 
instrumentation  that  these  specific 
organizations   require. 

Q.  Does  the  work  of  the  Navy  and 
other  activities  support  your  work  in 
oceanographic  instrumentation? 

A.  Very  much.  We  have  a  very 
close  working  relationship  with  the 
Navy  instrumentation  people.  We  have 
worked  with  them  on  various  projects. 
I  am  thinking  immediately  of  the  de- 
velopment of  a  new  sea  gravity  meter. 
The  Navy  people  and  the  Coast  & 
Geodetic  Survey  people  worked  to- 
gether in  developing  the  specifications 


for  this  equipment.  Most  of  the  fund- 
ing for  the  development  was  Navy 
funding  but  the  Coast  &  Geodetic  Sur- 
vey provided  in  the  order  of  $50,000 
toward  the  development  of  this  meter. 
It  is  coming  along  and  will  be  tested 
and  if  it  seems  to  be  a  good  device 
then  both  the  Coast  &  Geodetic  ships 
and  Navy  ships  will  use  this  shipboard 
gravity  meter,  if  this  seems  to  be  the 
best  way  to  go.  So  there  is  a  good 
deal  of  cooperation  between  the  two 
of  us.  It  would  be  to  our  mutual 
disadvantage  not  to.  The  Navy  has 
a  lot  of  expertise  and  facilities  that 
we  do  not  have.  We  have  some  know- 
how  that  the  Navy  does  not  have,  and 
we  work  very  closely  on  a  lot  of 
projects. 

Q.  Do  you  think  that  adequate  at- 
tention in  terms  of  money  and  man- 
power is  being  given  to  the  problems 
of  oceanographic  instrumentation? 

A.  I  would  be  a  traitor  to  the  cause 
if  I  said  we  had  enough  money.  I 
have  never  heard  anyone  in  the  ocean- 
ography business  say  we  have  enough 
money.  But  let's  turn  to  the  question 
to  the  "adequate  attention"  part.  I  do 
net  believe  that  adequate  attention  is 
being  given  to  the  problems  of 
oceanographic  instrumentation.  Too 
much  of  it  is  being  developed  in  vacuo, 
if  you  will.  That  is.  new  instruments 
will  be  developed  in  response  to  a 
specific  requirement.  They  will  be 
tested  on  the  workbench — they  may 
be  even  tested  in  Seneca  Lake,  Cayuga 
Lake  or  Lake  Winnepasauki  and  they 
work  like  a  charm,  just  beautifully — 
and  they  are  delighted  with  it  and  they 
are  delivered.  But  then  it  develops 
when  they  are  used  at  sea  in  this  really 
quite  rigorous  marine  environment 
that  the  problems  of  temperature, 
pressure,  particularly  salinity  —  the 
saltiness  not  only  of  the  water  but 
of  the  salt  air  environment  —  the  in- 
strument's accuracy  is  degraded.  Then, 
too,  when  they  are  used  on  a  ship 
that  is  rolling  around,  the  first  bang 
against  the  bulkhead  puts  it  out  of 
commission.  These  are  things  that  in 
many  instruments  just  had  not  been 
provided  for  in  the  original  construc- 
tion. I  think  the  big  lack  in  oceano- 
graphic instrumentation  has  been  the 
lack  of  adequate  engineering  with  a 
strong  environmental  background — - 
that  is,  the  marine  environment.  The 
engineers  that  are  involved  in  instru- 
mentation development — a  large  pro- 
portion of  them  crackerjack  engineers, 


yes.  but  insofar  as  familiarity  with  the 
environment  is  concerned,  the  environ- 
ment in  which  the  instruments  are 
going  to  have  to  operate,  no — and  this 
has  created  a  tremendous  problem.  It 
has  meant  that  instruments  have  been 
delivered  which  just  don't  do  the  job. 
So  that  is  one  of  the  reasons  that  more 
attention  has  got  to  be  paid  particu- 
larly to  the  environment  in  which 
these  instruments  are  going  to  operate. 

Q.  As  a  final  question.  Dr.  Stewart, 
are  you  satisfied  with  the  job  industry 
is  doing  in  this  area? 

A.  Yes  and  no.  Let  me  answer  the 
no  part  first  so  I  can  wind  up  on  a 
good  note.  The  lack  of  satisfaction 
with  what  the  job  industry  is  doing  I 
think  ties  in  with  my  answer  to  your 
last  question — it  has  been  the  lack 
of  familiarity  with  the  environment. 
A  lack  also  of  high  quality  control. 
Now  for  the  good  plug  for  industry. 
I  personally  as  both  an  oceanographer 
and  as  a  government  administrator  am 
utterly  delighted  with  the  initiative 
industry  has  taken  in  getting  into  the 
ocean  business.  I  realize  perfectly 
well  that  industry  is  not  doing  this  out 
of  the  goodness  of  its  soul.  But  in- 
dustry is  looking  ahead  to  the  day 
when  the  growing  national  will  to  get 
on  with  the  ocean's  exploration  and 
exploitation  gets  some  results — when 
this  wave  crests  and  breaks  and  there 
is  in  fact  more  support  for  the  ocean 
business.  I  think  industry  has  been 
able  to  look  ahead  and  realize  that 
the  oceans  are  terribly  important,  that 
the  U.  S.  must  get  cracking  in  this, 
and  they  want  to  be  there  and  ready 
when  it  happens.  Consequently,  what 
many  industries  have  done  has  been 
to  go  ahead  on  their  own,  using  their 
own  research  and  development  funds 
and  have  come  up  with  some  very 
good  gear.  The  marine  potential,  if 
you  will,  of  U.  S.  industry  has  taken 
a  quantum  jump  in  the  last  several 
years,  and  this  is  due  almost  exclusive- 
ly to  the  initiative  of  industry  itself. 
This  is  a  very  satisfying  thing  to  see. 
Even  though  there  were  not  funds 
available  for  them  to  do  it,  they 
pitched  into  their  own  reserves  and 
did  it.  As  a  result,  some  very  fine 
things  have  come  out.  I  am  thinking 
of  some  of  the  submersibles,  for  ex- 
ample, that  are  very  exciting  things 
that  in  many  instances  have  been  done 
completely  on  in-house  money.  So  I 
think  industry  deserves  some  real 
plaudits  in  this  regard.  ■ 
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How  DO  TURTLES  NAVIGATE?  Do  they  follow  Certain  cur- 
rents? Or  do  they  have  a  special  sense  for  the  direction 
of  sea  winds,  the  movements  of  the  sun  and  stars,  the 
temperature  changes  between  salt  water  and  air?  These  are 
among  the  many  challenging  questions  that  oceanographers 
must  answer  if  the  sea  and  its  depths  are  ever  to  be  under- 
stood. 

Take,  for  example,  the  case  of  small  green  sea  turtles 
which  apparently  can  navigate  thousands  of  miles  over  the 
open  ocean  with  fantastic  accuracy.  In  one  experiment, 
206  baby  green  turtles  were  tagged  at  Ascension  Island  in 
the  South  Atlantic  off  the  coast  of  West  Africa.  All  of  the 
turtles  left  their  island  home  in  1960.  Some  of  them  were 
later  discovered  on  the  beaches  of  Brazil.  By  1963,  a  number 
of  them  had  returned  to  Ascension  Island,  only  to  disappear 
again  for  Brazil.  In  1964,  after  apparently  two  round  trips 
to  Brazil,  all  but  one  of  the  green  turtles  were  found  back 
on  Ascension  Island  at  exactly  the  same  site  on  the  beach 
where  they  had  been  tagged!  The  missing  one  was  found  on 
an  adjacent  beach  that  had  been  created  by  the  action  of 
waves. 

In  ESSA-,  the  Institute  for  Oceanography  deals  with  the 
special  problems,  the  characteristic  processes,  of  the  oceans. 
Of  all  the  environmental  sciences,  oceanography  can  perhaps 
be  most  ideally  integrated  into  the  ESSA  concept  of  a  total 
program  dealing  with  a  single,  interacting  composite  en- 
vironment. 

The  Institute  for  Oceanography  pursues  a  research 
program  concerned  with  describing  and,  especially,  under- 
standing and  predicting  the  nature  and  behavior  of  the 
oceanic  environment. 

The  science  of  oceanography  had  its  beginnings  when 
chemists  began  to  analyze  sea  water  samples;  when  geologists 
extended  their  studies  beyond  the  continental  margins  and 
began  to  use  the  ocean  basins  as  a  proving  ground  for  hy- 
potheses on  the  genesis  of  the  earth;  and  when  physicists  and 
astronomers  first  applied  their  knowledge  to  studies  of  oceanic 
phenomena  such  as  tides  or  prevailing  current  systems. 

The  direct  contribution  of  meteorology  to  advances  in 
physical  oceanography  deserves  special  emphasis.  The  fluid 
ocean  obeys  the  same  physical  laws  as  does  the  fluid  air.  Ad- 
vances in  fluid  dynamics  gained  by  meteorologists  have,  when 
modified  and  applied  to  the  oceans,  resulted  in  significant 
progress  in  oceanography.  Notable  examples  of  this  can  be 
found  in  the  work  of  Rossby  and  Sverdrup  in  the  1920's  and 
30's  as  well  as  in  the  work  of  many  present-day  ocean- 
ographers. 
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Record  from  a  continuous  seismic  pro- 
file illustrating  structure  beneath  sea- 
floor. 


The  recent  report  of  the  President's  Science  Advisory 
Committee's  Panel  on  Oceanography,  "Effective  Use  of  the 
Sea,"  stressed  another  aspect  of  the  desirability  of  consider- 
ing the  environment  as  a  total,  integrated  system:  Techniques 
of  data  processing,  correlation,  and  analysis,  the  concepts 
developed  in  one  branch  of  geophysics  often  prove  useful  in 
other  branches.  The  ESSA  concept  gives  researchers  in  one 
environmental  science  ready  access  to  ideas,  methods  and 
techniques  in  many  other  fields. 

Interactions  and  exchanges  at  earth-ocean  and  ocean-air 
boundaries  are  processes  of  special  interest  and  importance. 
And  efforts  to  describe  and  understand  these  boundary  proc- 
esses again  illustrate  the  advantage  of  integrated  programs  in 
environmental  research.  Land-sea  interaction  processes  are 
of  interest  to  the  geologist  because  they  affect  marine  sedi- 
ments, beaches,  and  undersea  features. 

These  interactions  are  vital  to  the  physical  oceanographer 
because  they  modify  circulation  patterns  and  are  a  significant 
factor  in  the  ocean  energy  budget.  Both  meteorologists  and 
oceanographers  recognize  the  importance  of  air-sea  inter- 
actions. Mass,  momentum,  and  heat  energy  can  pass  either 
from  the  ocean  to  the  atmosphere  or  from  the  atmosphere 
to  the  ocean.  An  understanding  of  the  mechanisms  and 
amounts  of  these  transfers  is  essential  to  the  solution  of 
critical  problems  in  both  meteorology  and  oceanography. 

These  factors  that  support  the  ESSA  concept  of  a  unified 
solid  earth-ocean-atmosphere  environment  dictate  the  Insti- 
tute for  Oceanography's  organizational  structure  and  pro- 
gram content.  The  Institute  is  made  up  of  six  laboratories 
or  research  groups  engaged  in  oceanographic  research  in 
four  sub-programs:  physical  oceanography,  land-sea  inter- 
action, marine  geology  and  geophysics,  and  sea-air  inter- 
action. 

The  Physical  Oceanography  Laboratory,  under  the  direc- 
tion of  B.  D.  Zetler,  is  located  in  Silver  Spring,  Md.  The 
Laboratory  is  engaged  in  research  into  the  physical  and 
dynamic  properties  of  the  oceans  with  special  efforts  toward: 
describing  ocean  circulation  both  by  the  traditional  methods 
of  inference  and  by  the  application  of  dynamic  theories  and 
models;  investigation  of  wave  phenomena  including  tides, 
tsunamis  (seismic  sea  waves),  wind  waves,  and  internal 
waves;  investigation  of  medium-scale  hydrodynamics  in  the 
estuarine,  nearshore,  and  oceanic  environments  to  gain 
knowledge  about  phenomena  such  as  ocean  turbulence,  estu- 
arine circulation,  energy  transfer  mechanisms  and  boundary 
currents.  Important  efforts  now  under  way  include  tidal 
research  that  has  recently  resulted  in  a  much-improved  meth- 
od for  predicting  tides  in  shallow  water,  and  has  produced 
an  objective  comparison  of  various  techniques  for  tidal 
analysis. 

Washing  up  after  a  successful 
\    rock-dredge  recovery. 


Beginning  in  August,  1965,  extensive  studies  have  been 
made  of  the  Gulf  Stream.  Under  Institute  for  Oceanography 
and  Coast  and  Geodetic  Survey  leadership,  a  cooperative 
effort  has  been  developed  that  includes  participation  by  a 
large  number  of  Federal  agencies  and  private  oceanographic 
groups.  As  a  significant  part  of  the  study,  ships  of  the  C&GS 
have  monitored  the  strength  and  position  of  the  Gulf  Stream. 
Analysis  of  the  resulting  data  is  expected  to  provide  an 
observational  basis  on  which  interpretive  models  can  be 
formulated. 

The  Land  Sea  Interaction  Laboratory  (LASIL),  lo- 
cated in  Norfolk,  Va.  LASIL,  under  the  direction  of  Dr.  P. 
Wyman  Harrison,  carries  out  research  into  the  responses  of 
beaches  and  estuarine  and  continental  shelf  sediments  to 
environmental  and  man-made  forces  or  influences.  As  a  part 
of  this  research  investigations  are  made  into  the  gas-fluid- 
solid  sea  floor  system.  Present  efforts  at  LASIL  include  the 
development  of  techniques  for  measuring  the  bearing  strength 
of  estuarine  sediments,  preliminary  efforts  to  establish  pre- 
dictor equations  for  the  response  of  beach  and  nearshore 
sediments  to  oceanic  and  atmospheric  forces,  and  a  project 
to  collect  pertinent  environmental  data  in  a  selected  near- 
shore  environment. 

The  Marine  Geology  and  Geophysics  Laboratory,  under 
the  direction  of  Dr.  George  H.  Keller,  is  located  in  Silver 
Spring,  Md.  In  studies  of  the  ocean  floors,  continental  mar- 
gins, and  the  crust  and  mantle  of  ocean  basins,  the  goal  is  to 
develop  an  understanding  of  the  solid  earth  environment. 

Geomorphological  studies  are  one  important  part  of  the 
geological  effort.  In  these  studies  the  shape  and  form  of 
marine  features  are  considered,  and  are  used  as  keys  to  the 
origin,  permanence,  and  predicted  change  in  these  features. 
Research  in  marine  geophysics  is  aimed  at  gaining  knowledge 
of  the  structure,  nature  and  evolution  of  ocean  basins.  This 
is  accomplished  through  the  analysis  of  gravity,  geomagnetic, 
heat  flow  and  seismic  data  collected  on  systematic  surveys. 

Each  of  the  variables  listed  can  yield  information  on 
the  structure  of  the  earth's  crust.  Deep  sea  floor  research  is 
directed  toward  developing  an  understanding  of  the  processes 
and  mechanisms  important  in  the  origin  of  ocean  basins  and 
the  deep  sea  floor  structure.  This  effort  includes  the  genera- 
tion and  testing  of  theoretical  models.  Efforts  in  sedimen- 
tology  are  directed  toward  describing  the  nature  and  composi- 
tion of  sea  floor  sediments,  and  from  this  description  inferring 
the  source  and  mechanisms  for  transport  of  the  sediments. 

By  applying  standard  sedimentological  and  geochemical 
techniques  of  analysis  to  samples,  insight  is  gained  into  sea- 
lloor  processes.  Existing  efforts  in  the  Marine  Geology  and 
Geophysics  Laboratory  have  led  to:  a  set  of  six  bathymetric 
maps  showing  the  Aleutian  Island  Arc  area  at  a  scale  of 
1  :  400, 000;  the  discovery  of  a  new  fracture  zone  in  the  North 
Pacffic  Ocean  (this  discovery  resulted  from  analysis  of  mag- 
netic data  from  the  SEAMAP  project  and  revealed  horizontal 
displacements  in  the  earth's  crust  of  about  800  kilometers); 
and  the  discovery  of  an  undersea  rift  valley  in  the  eastern 
pari  of  the  Indian  Ocean  that  may  have  significance  in  con- 
sidering the  origin  of  ocean  basins. 

The  Pacific  Oceanographic  Laboratory,  Seattle,  Wash., 
is  under  the  direction  of  T.  V.  Ryan.    This  Laboratory  con- 


ducts research  in  physical  oceanography,  marine  geology,  and 
geophysics  in  the  Pacific  Ocean.  Efforts  are  currently  under- 
way in  analyzing  and  presenting  geological  and  geophysical 
data  from  the  SEAMAP  surveys  in  the  North  Pacific;  in  a 
cooperative  investigation  into  the  mechanisms  of  formation 
of  the  intermediate-depth  water  in  the  North  Pacific  Ocean; 
and  in  studies  of  heat  flow  through  the  ocean  floor  off 
California. 

The  Sea  Air  Interaction  Laboratory,  (SAIL)  under 
Feodor  Ostapoff,  is  located  in  Silver  Spring,  Md.  SAIL's 
main  objectives  are  to  develop  methods  of  obtaining  data  on 
the  exchange  of  mass,  momentum,  and  heat  between  the 
atmosphere  and  the  ocean  and  to  develop  an  advanced 
theoretical  understanding  of  the  exchange  processes.  Present 
efforts  are  in  the  development  of  theoretical  models  of  storm 
surges  and  the  ocean-atmospheric  boundary  layer;  and  in 
developing  sensor  systems  and  observational  techniques  suit- 
able for  measuring  the  properties  important  in  studies  of  the 
lowest  layers  of  the  atmosphere  and  the  mixed  layer  in  the 
ocean. 

The  Joint  Oceanographic  Research  Group  (JORG), 
under  Dr.  Robert  E.  Burns,  is  located  on  the  campus  of  the 
University  of  Washington  in  Seattle.  JORG  carries  out  sub- 
stantive programs  in  physical,  geological  and  geophysical 
oceanography,  jointly  with  the  Department  of  Oceanography, 


1.  Shore  area  of  Kalihiwai  Bay,  Hawaii, 

before  arrival  of  a  tsunami.    2.  The  great 

wave  begins  to  rise.    3.  Tsunami  at  crest 

of  second  wave.    4.  Second  wave  all  out. 

In  all,  nine  waves  will  strike.   The  third 

and  fourth  are  the  worst  and  the  seventh 

does  some  damage. 
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University  of  Washington.  Because  of  the  vast  mission  of  the 
Institute  for  Oceanography  and  the  finite  limit  on  in-house 
resources  it  is  desirable  to  extend  our  capability  by  using 
capabilities  outside  of  the  Government. 

An  important  effort  at  JORG  is  to  devise  and  promote 
projects  that  are  of  direct  aid  in  carrying  out  the  ESSA 
research  mission  and  at  the  same  time  are  of  interest  to  and 
utilize  the  competence  of  the  Department  of  Oceanography. 
Joint  projects  now  under  way  include  Puget  Sound  tide 
investigations  that  consider  meteorological  influences;  and 
sedimentological  studies  based  on  samples  from  the  USC&GSS 
Pioneer's  Indian  Ocean  Expedition. 

As  with  any  healthy  new  organization,  the  Institute  for 
Oceanography's  projected  programs  far  overshadow  present 
ones.  These  plans  include  the  acquisition  of  a  coastal  facility 
to  house  the  East  Coast  laboratories  and  the  Institute  Direc- 
tor's OflRce.  Because  the  research  work  in  the  Institute  is 
more  concerned  with  the  real  than  with  the  theoretical  ocean, 
ready  access  to  the  sea  and  to  research  ships  is  important. 
Future  efforts  in  physical  oceanography  will  include  projects 
in  deep  sea  tide  measurements  and  modeling;  synoptic  studies 
of  ocean  regions  aimed  at  describing  energy  budgets,  fluxes, 
and  transfer  mechanisms;  and  ultimately  sufficient  knowledge 
of  the  ocean  environment  to  allow  accurate  prediction  of  the 
distribution  of  ocean  properties,  currents,  and  waves. 


The  Joint  Tsunami  Research  Effort,  under  Dr.  Gaylord 
Miller,  has  plans  to  develop  instrumentation  and  techniques 
for  studies  of  the  origin,  propagation,  modification  and  effects 
of  seismic  sea  waves.  In  the  field  of  land-sea  interaction, 
efforts  will  be  made  to  develop  models  to  aid  in  the  prediction 
of  beach  and  sediment  responses  to  environmental  forces. 

Efforts  in  marine  geology  and  geophysics  will  be  de- 
signed to  develop  understanding  of  phenomena  and  processes 
that  vary  in  scale  from  oceanic  to  regional.  SAIL  plans  to 
mount  major  field  experiments  to  determine  ocean-atmo- 
sphere exchanges  on  scales  sufficiently  large  to  be  significant 
in  atmospheric  and  oceanic  circulation  models.  These  find- 
ings could  dramatically  improve  ESSA's  ability  to  make  ac- 
curate predictions  of  weather  and  oceanic  conditions.  In  the 
Pacific,  investigations  into  estuarine  dynamics,  atmospheric 
and  oceanic  conditions  utilizing  an  offshore  installation  will 
lead  to  insights  valuable  in  ocean  and  estuarine  predictions. 

With  whole  oceans  to  study  and  the  total  environment 
to  consider  in  these  studies  there  will  always  be  new  problems 
to  solve,  problems  which  will  demand  cooperative  efforts 
among  the  various  laboratories  within  the  Institute  for 
Oceanography  as  well  as  among  the  various  other  com.ponents 
of  ESSA.  In  the  solution  of  these  problems  it  is  hoped  to  add 
to  man's  ability  to  understand  and  utilize  his  overall  environ- 
ment, n 
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The  lapger  oceanographic  institutions 
historically  have  avoided  nearshore  and 
continental  shelf  areas  as  locations  for 
research  activities. 

There  have  been,  of  course,  some  ex- 
ceptions to  this  generality,  but  the  con- 
tinental shelf  generally  has  been  merely 
an  area  to  be  traversed  to  get  to  the 
deep  sea.  The  institutions  had  the  larger 
ships  for  deep  sea  work,  so  it  was  only 
natural  that  these  ships  be  used  far  from 
their  home  ports. 

Work  in  our  coastal  and  shelf  areas 
has  been  carried  out  primarily  by  three 
groups : 

■  Smaller  research  institutions  and 
coastal  universities  without  facilities  to 
work  at  greater  distances  from   shore. 

■  Industrial  sector  in  its  ever-widening 
search  for  offshore  oil. 

■  Federal  agencies  in  carrying  out 
their  statutory  responsibilities  for  coastal 
charting,  beach  erosion  control,  harbor 
maintenance,  pollution  controls,  improve- 
ment of  commercial  and  sport  fishing 
catches,  and  other  such  tasks  that  en- 
tailed work  in  the  coastal  waters. 

It  is  only  recently  that  the  continental 
shelf  has  come  under  special  scrutiny 
as  a  geographical  entity. 

The  1965  Congressional  hearings  on 
oceanography  heard  continual  reference 
to  the  shelf;  the  governor  of  California 
has  a  special  Advisory  Commission  on 
Marine  Resources,  which  is  studying  the 
problems  of  the  California  offshore  area; 
the  Interagency  Committee  on  Oceanog- 
raphy has  a  special  task  group  of  its  re- 
search panel  preparing  a  document  on 
the  present  status  of  shelf  oceanography; 
the  Corps  of  Engineers  was  host  last 
year  to  an  Interagency  Conference  on 
Continental  Shelf  Research;  and  a  recent 
report  prepared  for  the  ESSA  Coast  & 
Geodetic  Survey  by  the  Hattelle  Memo- 
rial Institute  was  pitched  solely  at  the 
continental  shelf. 

Interest  also  is  international,  as  evi- 
denced by  the  1965  ratification  of  the 
international  Convention  on  the  Conti- 
nental   Shelf,    which    grew    out    of    the 


1958  United  Nations  Conference  on  the 
Law  of  the  Sea. 

But  what  is  behind  the  recent  upsurge 
of  activity  related  to  the  shelf?  The  an- 
swer can  be  summed  up  in  one  word- 
economics.  Not  only  are  the  coastal  and 
shelf  areas  closer  to  home,  so  the  logis- 
tic costs  for  research  are  less,  but  it  is 
from  the  shelf  areas  that  we  can  expect 
the  quickest  return  on  the  dollars  invest- 
ed in  the  development  of  marine  re- 
sources. 

An  additional  economic  factor  is  the 
cost/benefit  philosophy  that  now  has  in- 
fused all  of  the  Washington  budgetary 
process.  Although  basic  research  per  se 
still  is  supported,  the  tendency  has  been 
to  justify  more  federal  ocean-oriented 
activities  on  the  basis  of  their  anticipated 
or  projected  economic  benefits. 

Within  this  framework,  programs  re- 
lated to  the  continental  shelf  areas  have 
been  receiving  greater  support  than  those 
for  which  near-term  economic  payoffs 
are  either  less  obvious  or  completely  miss- 
ing. Additional  concentration  on  the  shelf 
areas  nearer  home  has  been  provided 
by  the  increasing  number  of  universities 
involved  in  oceanography,  but  which 
have  no  deep  sea  facihties.  Duke  Uni- 
versity, Florida  State  University,  and  Ore- 
gon State  University  are  examples. 

Industry,  too,  has  contributed  to  this 
upsurge,  for  industry— more  than  any  oth- 
er sector— is  motivated  by  the  economic 
goal  of  profit. 

Industry  knows  that  major  dollars  will 
be  made  from  the  shelves  first,  and  it 
has  gone  ahead  with  petroleum  explora- 
tion and  drilhng,  diamond  mining,  tin 
dredging,  and  investigating  potential 
profits  to  be  made  on  recovery  of  man- 
ganese nodules  and  phosphorite. 

In  short,  the  shelf  areas  are  the  clos- 
est; the  natural  processes  taking  place 
there  are  more  directly  related  to  our 
life  on  land  than  those  of  the  deep  sea; 
and  the  economic  payoff  from  resource 
development  and  exploitation  there  has 
an  attraction  not  associated  with  more 
distant  parts  of  the  ocean. 


CCEANOLOGY  INTERNATIONAL— OCT    IV66    45 


Buoy  network,  accelerated  surveys,  and 
sea -floor  measuring  stations  and  manned 
special- purpose  laboratories  likely  in  five  years. 


Bathymetric  maps 

Within  tlie  last  two  years,  the  previously 
gradual  increase  in  coastal  knowledge 
accelerated  quite  noticeably  in  several 
areas.  One  of  these  was  the  production 
of  bathymetric  maps— topographic  maps 
of  the  shelf  area  as  opposed  to  classical 
nautical  charts. 

Before  anv  resource  can  be  exploited, 
it  must  be  mapped.  This  is  as  true  of  the 
shelf  as  it  is  of  timber  lands,  watersheds, 
and  ore  bodies,  and  other  than  a  few 
bathymetric  maps  of  isolated  areas,  these 
maps  just  did  not  exist. 

In  its  nautical  charting  process,  the 
Coast  &  Geodetic  Survey  had  accumu- 
lated necessary  data  for  producing  such 
maps,  but  funds  for  the  work  had  not 
been  made  available. 

It  remained  for  Dr.  K.  O.  Emery  and 
Dr.  Elazar  Uchupi  and  their  cohorts  at 
Woods  Hole  Oceanographic  Institute- 
working  with  funds  provided  by  the  Geo- 
logical Survey— to  produce  the  first  mod- 
ern bathymetric  map  of  the  entire  At- 
lantic shelf  and  slope. 

Based  on  the  Coast  &  Geodetic  Sur- 
vey's data— supplemented  by  data  from 
the  Canadians  and  some  Woods  Hole 
work— a  small-scale  bathvmetric  map  of 
the  East  Coast  offshore  area  was  pro- 
duced. Since  then,  the  Coast  &  Geodetic 
Survey  has  published  Haven  Nichols  and 
Richard  B.  Perry's  large-scale  series  of 
bath)-metric  maps  of  the  Aleutian  Arc 
and  Richard  J.  Malloy's  map  of  a  part  of 
the  Gulf  of  Maine. 

The  same  agency  working  cooperative- 
ly with  the  State  of  California  this  fall 
will  publish  the  first  of  a  series  of  large- 
scale  bathymetric  maps  of  the  West 
Coast  offshore  area.  Another  due  off 
the  presses  soon  is  the  large-scale  series 
of  bathymetric  maps  of  a  portion  of  the 
Atlantic  shelf  prepared  by  Franklin 
Steams  of  the  Bureau  of  Commercial 
Fisheries. 

The  maps  are  being  published  by  the 
Coast  &  Geodetic  Survey  with  funding 
provided  by  the  Office  of  Regional  Eco- 
nomic Development.  What  all  this  means 
is  that,  for  the  first  time,  those  persons 
concerned  with  the  exploitation  of  the 
shelf  resources  will  have  the  base  maps 
that  are  needed  so  desperately. 

A  second  recent  advance  in  shelf  tech- 
nology is  the  giant  step  into  the  sea 
made  by  the  Navy's  Sealab  II  off  the 
California  coast  and  Jacques-Yves  Cous- 
teau's  Conshelf  III  in  the  Mediterranean. 
Details  of  lioth  of  these  experiments  are 


well  known,  fjut  the  important  aspect 
here  is  tliat  terrestrial  man  at  last  is 
making  a  concerted  attempt  to  develop 
techniques  that  will  enable  him  to  do 
meaningful  work  for  extended  periods 
an\  where  on  the  continental  shelf. 

Dependable  'tools' 

From  a  scientific  view— as  opposed  to 
the  more  economically  oriented  techni- 
cal viewpoint— the  most  promising  recent 
development  is  the  growing  availability 
of  dependable— and  that  word  is  impor- 
tant—instrumentation for  monitoring  time- 
dependent  variables  of  the  continental 
shelf  environment. 

Until  recently,  for  example,  shelf  cur- 
rents were  measured  at  one  spot,  then 
at  another,  and  then  at  another  in  an 
attempt  to  piece  the  overall  pattern  to- 
gether. Now,  for  the  first  time,  current 
meters  are  available  that  will  operate 
untended  for  several  months. 

There  also  are  pressure  (depth)  re- 
corders and  temperature  recorders  that 
can  be  mounted  on  the  same  cable,  with 
all  the  data  either  stored  in  the  buoy 
that  supports  the  whole  rig  or  else  tele- 
metered to  shore— or  perhaps  both. 

Thanks  to  the  work  of  Dr.  Walter  H. 
Munk  and  James  M.  Snodgrass  at 
Scripps,  Steacy  D.  Hicks  and  Anthonv 
Goodheart  of  the  Coast  &  Geodetic  Sur- 
vey, and  Dr.  Marc  Eyries  of  France,  de- 
pendable bottom-mounted  tide  gages  are 
almost  operational. 

Sea  trials  have  shown  these  gages 
to  be  workable,  and  the  potential  for 
determining  tidal  characteristics  for  the 
entire  shelf  area— let  alone  the  whole 
ocean— is  exciting  to  contemplate. 

Such  recent  developments  as  the  ex- 
pendable BT  for  increasing  our  ability 
to  make  deep  and  inexpensive  tempera- 
ture vs.  depth  measurements,  multi-sen- 
.sor  packages  for  efficient  vertical  casts  to 
measure  water  properties,  automatic  ship- 
board data  reduction  and  storage  sys- 
tems, and  improvements  in  buoy  systems, 
will  enable  the  marine  scientist  to  obtain 
data  he  needs  to  complete  his  under- 
standing of  the  physical  variables  of  shelf 
and  inshore  waters. 

The  coming  year  probablv  will  see  no 
great  breakthrough  insofar  as  the  conti- 
nental shelf  is  concerned.  Rather,  pres- 
ent programs  will  continue— with  some 
progress  anticipated.  Sealab  III  will  be 
readied  and  may  even  be  in  operation; 
more  bathymetric  maps  will  become 
available;  and  .some  new  instruments  will 
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THE  CONTINENTAL  SHELF  off  NortlwaHeni  United  States 
is  shown  in  this  Coast  &  Geodetic  Survey  map, 
which  also  indicates  the  numerous  submarine  canyons. 
In  the  photograph  below,  a  crew  member  aboard  one 
of  ESSA's  survey  ships  chech   an  echo  sounding  recorder. 
There  are  four  such  recorders— each  for  a  different  purpose. 


Trar 


A  BATHYMETRIC  MAP  of  the  continental  shelf 

off  Maine  (at  left)  shows  the  topography 

at  the  surface  of  the  bedrock.  The  Coast  &  Geodetic 

Survey  ship  "Whiting"  (below)  was  designed 

and  built  especially  for  shelf  survey  studies. 
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COASTAL  MAPPING  in  shallow  water  is  done 

from  hydro  graphic  survey  launches  like  the  one 

in  top  right  photo.  The  electronic  probe 

above  was  developed  by  Westinghouse  to  measure 

undersea  currents  in  three  dimensions. 

A  Nansen  bottle  is  lowered  into  the  ocean 

to  take  a  temperature  reading  and  water  sample 

in  upper  right  illustration.  Below,  a  photo 

of  the  outer  shelf  bottom  off  Cape  Cod.  An  ESSA 

camera  unit  is  lowered  into  ocean  at  right. 
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be  used  with  exciting  results. 

Since  the  recent  report  of  the  Panel 
on  Oceanography  of  the  President's  Sci- 
ence Advisory  Committee  said  little  in 
favor  of  the  systematic  surveys,  which 
are  so  badly  needed  for  our  entire  shelf 
area  (and  there  are  850,000  square 
miles  of  it),  it  is  questionable  if  the  fed- 
eral agencies  concerned  will  be  able 
to  anticipate  any  acceleration  in  this  as- 
pect of  shelf  exploration.  The  Environ- 
mental Science  Services  Administration 
recently  estimated  that  only  about  402 
of  the  U.  S.  continental  shelf  is  adequate- 
ly surveyed  to  modern  standards. 

Although  a  l:l-million  scale  bathy- 
metric  map  of  the  Atlantic  continental 
shelf  and  slope  is  a  thing  of  great  beauty 
and  does  show  a  good  deal  of  interest- 
ing information,  it  is  not  a  map  for  re- 
source exploitation  or  for  any  real  sea- 
floor  development  project.  A  map  of  the 
entire  United  States  at  this  scale  would 
be  only  about  16  feet  wide— hardly  an 
adequate  scale  for  the  development  of 
our  land  area. 

Promising  outlook 

The  next  five  years,  however,  can  see 
considerable  improvement  in  what  is 
now  a  sad  situation  with  respect  to 
knowledge  of  our  offshore  and  shelf  en- 
vironment. If  growing  interest  in  our 
shelf  can  be  translated  into  the  neces- 
sary support  for  the  work  that  needs 
to  be  done,  and  if  U.  S.  industry  con- 
tinues its  present  rate  of  increasing  ac- 
tivity in  the  shelf  areas,  the  next  five 
years  could  see  all  of  the  following; 

■  A  small  prototype  buoy  network  on 
the  shelf,  which  measures  and  teleme- 
ters back  to  shore  in  real  time  both 
oceanographic  and  meteorological  data. 

■  An  accelerated  program  of  systemat- 
ic surveys  of  the  shelf  covering  bottom 
structure,  and  a  zoogeographic  survey 
program— plus  such  surveys  of  the  time- 
dependent  physical  properties  that  are 
needed  to  supplement  the  work  of  the 
buoy  network. 

■  A  scattering  of  special  purpose  sea- 


floor  laboratories  to  accommodate  eight 
or  10  scientists  for  several  weeks  at  a 
time.  Sealab  II  and  the  recent  small 
laboratory  established  by  Florida  Atlantic 
University  are  the  forerunners  of  such 
sea  floor  laboratories. 

■  A  prototype  network  of  vmtended 
bottom  mounted  stations  measuring  tides, 
currents,  temperature,  and  other  such 
parameters. 

■  An  accelerated  move  to  the  sea  by 
small  universities  jointly  sharing  ship  and 
shore  facilities  with  the  larger  institu- 
tions and  the  federal  agencies. 

■  A  joint  all-out  scientific  effort  on  some 
major  estuarv— perhaps  Chesapeake  Bay 
—made  by  federal  and  state  agencies 
and  universities  and  other  institutions  in 
the  area. 

These  are  some  of  the  things  that 
might  be  realized  in  the  next  five  years, 
but  what  of  the  next  decade? 

This  is  more  difficult  to  estimate  if  ac- 
curacy of  the  forecast  is  considered. 
However,  it  probably  is  safe  to  say  that 
our  interest  in  the  oceans  will  continue 
for  the  next  10  years,  and  certainly  the 
nearshore  and  continental  shelf  areas 
will  come  in  for  much  attention. 

Within  a  decade,  legal  problems  in- 
volving the  shelf  should  be  well  on  the 
way  to  solution.  Although  there  is  talk 
now  about  the  legal  problems  of  resource 
exploitation  on  the  shelf,  lawyers  are 
noted  for  not  worrying  about  the  legal 
aspects  of  problems  that  have  not  yet 
arisen.  Ten  years  from  now,  however, 
many  will  have  arisen,  and  they  will 
be  attacked  as  they  arise— not  before. 

Therefore,  it  is  probable  that  within 
10  years,  all  state  boundaries,  as  well  as 
our  boundaries  with  Canada  and  Mex- 
ico, will  have  been  extended  out  to  sea 
and  will  be  marked  on  our  charts. 

By  1977,  we  probably  will  have  the 
entire  continent  ringed  with  a  network 
of  monitoring  oceanographic/meteorologi- 
cal  buoys.  These  not  only  will  provide  a 
rough  picture  of  the  underwater  environ- 
ment, but  also  will  give  us  data  needed 
for    accurate    wave    forecasts     and    im- 
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proved  weather  forecasts-particularly  for 
nearshore  regions  where  they  are  so  ur- 
gently needed. 

Ten  years  also  should  see  several  full- 
time  sea-floor  laboratories  manned  by 
scientists  and  students.  By  then,  the  U.  S. 
should  be  well  into  a  program  of  sys- 
tematic surveys  of  our  entire  shelf  area 
—surveys  directed  towards  specific  areas 
in  which  the  resource  exploitation  po- 
tential seems  to  be  the  highest.  Much 
of  this  survey  work  by  then  will  be 
done  by  private  companies  on  contract 
to  the  state  and  federal  governments. 

The  greatest  change  in  our  coastal 
areas  will  result  from  a  predicted  new 
approach  to  usage  of  our  coastal  lands. 
In  the  past,  we  have  paid  little  heed 
to  the  concept  of  man-at-the-sea,  and 
the  emphasis  here  is  on  the  man. 

We  will  need  more  recreation  beaches, 
more  sites  for  desaUnation  plants  and  for 
power  plants,  more  and  vastly  improved 
harbor  facilities,  more  undersea  parks, 
more  marinas,  more  fishing  sites,  and 
more  room  for  man  himself  to  live  at 
and  even  on  the  sea. 

Many  of  these  uses  are  conflicting  uses 
which  must  be  resolved,  but  the  impor- 
tant change  that  the  next  10  years  will 
see  will  be  a  concerted  effort  to  obtain 
maximum  usage  of  our  coastal  lands. 

This  will  entail  strict  pollution  con- 
trol measures  that  by  then  should  have 
become  effective.  It  will  mean  increasing 
involvement  of  each  state  in  developing 
its  own  coastal  lands  according  to  an 
overall  plan. 

Most  of  all,  it  will  require  men  with 
vision  and  talent,  men  who  realize  that 
the  coasts  are  one  of  our  greatest  assets 
and  like  any  great  national  resource,  they 
must  be  developed  intelligently.  I  be- 
lieve we  will  realize  this  and  do  some- 
thing about  it  in  the  coming  decade. 

Although  the  salesmen  in  the  oceano- 
graphic business  may  have  been  overly 
optimistic  about  the  "untapped  treasure 
store  of  minerals"  and  the  "food  to  feed 
the  world's  starving  millions,"  it  remains 
true  that  there  are  some  minerals  out 
there,  and  there  are  some  fish  out  there. 
By  the  same  token,  we  will  be  running 
our  coastal  commerce  in  the  waters  over 
our  continental  shelf  for  many  years. 

We  still  will  need  places  to  get  rid 
of  the  wastes  we  accumulate  on  land, 
and  we  still  will  need  places  to  fish  for 
sport,  and  to  sail,  surf,  swim,  and  loaf. 
We  even  may  have  to  defend  our  coun- 
try from  this  same  continental  shelf.  We 
are  becoming  more  aware  as  a  nation  of 
the  role  that  increased  knowledge  of  our 
own  offshore  waters  can  play  in  our 
future. 

The  next  10  years  should  see  us  with 
a  good  deal  more  knowledge  in  hand, 
and  also  should  result  in  considerably 
more  effective  use  of  our  nearshore  and 
continental  shelf  assets.  ■ 


OCEANOLOGY  INTERNATIONAL— OCT    1966    49 


47 


ESSA  SYMPOSIUM  ON 
EARTHQUAKE  PREDICTION 


Rockville,  Maryland 
February  7,  8,  9,  1966 


U.S.  DEPARTMENT  OF  COMMERCE 

John  T.  Connor,  Secretary 

ENVIRONMENTAL  SCIENCE  SERVICES  ADMINISTRATION 

Robert  M.  White,  Administrator 

UNITED     STATES     GOVERNMENT     PRINTING     OFFICE      •      1966 


For  sale  by  the  Superintendent  of  Documents,  U.S.  Government  Printing  Office,  Washington,  D.C.,  20402  -  Pries  $1  (paper  cover) 


The  Contribution  of  Earth  Tides  to  Earthquakes 

Bernard  D.  Zetler 

Institute  for  Oceanography 

Institutes  for  Environmental  Research 

Environmental  Science  Services  Administration 


Earth  tides  can  be  dismissed  as  a  basic  causal 
mechanism  for  earthquakes  because  the  largest 
strain  involved  in  earth  tides  under  optimum  con- 
ditions is  of  the  order  of  one-half  times  10"^. 
There  remains  the  possibility  that  earth  tides  can 
provide  the  triggering  mechanism  for  earth- 
quakes. 

If  there  is  a  linear  daily  increase  in  the  strain 
comparable  to  the  tidal  strain  itself,  and  if  the 
strain  is  approaching  the  breaking  point,  then  one 
might  expect  an  earthquake  to  be  triggered  near 
the  time  of  the  peak  of  the  earth  tide  strain. 
There  are  many  complications  to  such  a  predic- 
tion. First,  the  daily  increase  in  strain  is  not 
linear.  Second,  the  tide  itself  is  a  complicated 
function.  The  amplitude  increases  with  the  ap- 
proach of  the  spring  tides — a  time  during  which 
the  sun  and  moon  are  in  conjunction.  The  ampli- 
tude also  increases  as  the  moon  approaches  the 
earth  (perigean  tides).  Third,  there  is  a  sig- 
nificant diurnal  inequality  related  to  the  declina- 
tions of  the  sun  and  the  moon. 

The  earth  tide  at  the  latitude  of  Washington, 
D.C.,  averages  about  two-tenths  of  a  meter.  Un- 
der optimum  conditions  of  perigee,  spring  tide, 
and  maximum  declination,  the  change  from  a  low 
to  a  high  may  be  as  much  as  four-  to  five-tenths 
of  a  meter.  Superimposed  on  the  earth  tide  is  a 
loading  effect  of  the  ocean  tide  which  will  vary 
with  the  distance  from  the  ocean,  the  geology  of 
the  crust  in  the  vicinity,  and  the  range  of  the  ocean 
tide.  In  studying  gravity  observations  at  Wash- 
ington, reported  by  B.  D.  Zetler,  in  Proceedings, 
Third  International  Symposium  on  Earth  Tides, 
Trieste,  Italy,  1959,  the  loading  effect  of  the  At- 
lantic Ocean — not  from  Chesapeake  Bay  which  is 
closer — is  found  roughly  to  be  5  to  10  percent  of 
the  earth  tide. 


G.  W.  Lennon  of  the  Liverpool  Tidal  Institute 
and  Observatory,  publishing  in  the  Geophys.  /., 
December  1961,  found  a  variation  in  the  loading 
effect  which  is  roughly  10  times  as  great  as  the 
earth  tide  itself.  Obviously,  any  statistical  study, 
which  correlates  the  occurrence  of  earthquakes 
with  the  times  of  the  maximum  tide-producing 
potential  and  which  ignores  the  actual  yielding 
of  the  earth  due  to  periodic  tidal  forces,  may  in- 
troduce a  very  significant  error.  In  the  various 
studies  in  which  these  correlations  are  made,  no 
one  has  referred  in  any  degree  to  the  ocean-loading 
effect. 

More  significant  than  the  vertical  tide  involved 
in  the  tide-producing  potential  may  be  the  rotating 
horizontal  component  of  this  tide-producing  force. 
If  the  main  forces  or  strains  are  along  the  fault  di- 
rection, then  the  time  that  the  vector  of  the  hori- 
zontal component  of  the  tide-producing  force  is 
parallel  to  the  azimuth  of  the  fault  would  be  the 
time  wlien  the  optimum  contribution  of  the  earth 
tide  to  the  existing  strain  is  expected. 

Maxwell  W.  Allen  in  his  paper,  "The  Lunar 
Triggering  Effect  on  Earthquakes  in  Southern 
California,"  Bull.  Seism.  Soc.  A77ier.,  April  1936, 
said  the  idea  is  now  disappearing  "that  the  lunar 
effect,  if  it  exists,  should  appear  in  the  same  man- 
ner over  the  entire  earth,  without  regard  to  the 
strike  or  hade  of  the  faults  involved,  or  the  nature 
of  the  earth  stresses  acting  upon  those  faults.  In 
consequence,  statistics  from  the  entire  globe  were 
assembled  by  men  who  doubted  the  possibility  of 
a  Imiar  effect,  to  prove  their  case.  This  procedure 
naturally  would  cancel  the  differing  effects  upon 
different  fault  structures,  and  result  in  the  display 
of  a  negligibly  small  correlation." 

In  a  study  by  L.  Knopoff,  Btill.  Seism.  Soc. 
A7ner.,  December  1964,  of  over  9,000  local  earth- 
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quakes  having  magnitude  2  or  greater  in  southern 
California,  Allen's  work  is  not  mentioned.  Knop- 
off  said  that  "a  test  has  been  made  to  see  if  any 
correlation  exists  between  the  times  of  occurrence 
of  earthquakes  in  southern  California  and  the 
tidal  potential.  Two  tests  have  been  made,  one 
of  them  a  cross-correlation.  On  either  basis,  a 
statistically  significant  sample  of  earthquake 
events  gives  a  correlation  with  the  tidal  potential 
that  is  of  the  same  magnitude  as  a  random  sample." 
The  quoted  paper  contains  a  highly  competent  sta- 
tistical analysis,  but  there  is  no  suggestion  that 
the  timing  of  the  horizontal  vector  should  be 
considered. 

R.  J.  Brazee  of  the  Coast  and  Geodetic  Survey, 
reporting  in  Earthquake  Notes,  March  1957,  cor- 
related the  times  of  189  earthquakes  Avith  the  times 
of  the  tidal  horizontal  component.  He  plotted  the 
frequency  of  earthquake  occurrence  on  polar- 
coordinate  paper  for  each  15°  of  azimuth  for  the 
tidal  horizontal  component.  He  then  super- 
imposed this  on  the  fault  system  of  southern  Cali- 
fornia. The  occurrence  of  the  greatest  frequency 
agrees  with  the  azimuth  of  the  San  Andreas  fault. 
More  earthquakes  occur  in  that  particular  azimuth 
than  any  other;  clearly,  this  technique  shows  a 
trend  that  would  require  considerable  investiga- 
tion. It  would  be  useful  to  superimpose  on  this 
plot  some  indication  of  the  timing  of  the  ocean - 
loading  tide  as  well. 

There  are  two  physical  reasons  why  the  earth 
tide  is  not  necessarily  timed  to  synchronize  with 
the  prediction  of  earthquakes.  First,  if  the  strain 
rate  does  increase  more  rapidly  just  before  an 
earthquake,  the  chances  of  timing  the  strain  rate 
with  a  particular  peak  in  earth  tide  are  small. 
According  to  The  Press  Panel  Report  [Earth- 
quake Prediction:  A  Proposal  for  a  Ten-Year 
Program  of  Research,  Ad  Hoc  Panel  on  Earth- 
quake Prediction,  Frank  Press,  chairman.  Office 
of  Science  and  Technology,  Washington,  D.C., 
September  1965),  the  strain  rate  change  may  in- 
crease to  a  level  more  than  100  times  greater  than 
the  average  daily  rate.  For  example,  the  average 
daily  strain  rate  of  increase  for  the  San  Andreas 
fault  is  10"*,  but  during  times  of  earthquakes,  this 
strain  rata  increases  to  greater  than  lO"*'.  Second, 
in  comparing  critical  strain  and  the  breaking  time 
with  the  amount  of  overstress,  Knopoff  shows  that 


the  breaking  time  moves  almost  to  infinity  if  the 
overstress  is  marginal,  or  just  exceeds  the  level  of 
critical  stress;  therefore,  under  such  circum- 
stances, it  takes  more  time  for  an  earthquake  to 
occur.  As  larger  overstresses  develop,  the  time 
for  an  earthquake  to  occur  becomes  significantly 
smaller.  If  a  phenomenon  barely  exceeds  the 
critical  stress,  then  the  breaking  time  may  be  a  few 
days  oi:  possibly  months.  Under  these  conditions, 
there  is  no  reason  to  expect  the  time  of  the 
earth  tide  to  synchronize  with  the  time  of  the 
earthquake. 

Discussion 

RiNEHART :  I  would  like  to  suggest  that  maybe 
fatigue  in  rock  can  occur  in  the  same  sense  that 
there  is  fatigue  in  metals ;  small  cracks  gradually 
develop  into  larger  cracks  as  the  earth  tides  take 
place.  Your  critical  stress  is  shown  at  a  constant 
level.  I  would  suggest  that  maybe  your  critical 
stress  goes  down  as  you  go  through  more  and  more 
cycles. 

Stoneley  :  Were  you  stressing  the  relationship 
to  the  fault  plane,  and  not  just  these  arbitrary 
horizontal  and  vertical  components? 

Zetler:  Yes.  Obviously,  if  all  of  the  earth- 
quakes throughout  the  earth  are  placed  into  one 
statistical  grouping,  with  various  orientations  of 
faults,  then  you  are  forcing  a  random  relation- 
ship in  your  data. 

Major  :  Do  you  not  have  an  unhappy  situation 
in  California  of  the  ocean-load  moving  from  south 
to  north,  so  that  different  portions  of  California 
will  feel  the  maximum  in  ocean-load  terms  at 
different  times? 

Zetler:  The  tidal  wave  in  the  Pacific  is  nor- 
mal to  the  coast.  It  requires  an  arbitrary  de- 
cision that  the  ocean  tide  in  a  given  area  affects 
the  loading  characteristics  at  a  particular  point. 
How  you  do  this  is  uncertain  because  the  tide 
progresses  along  the  coast.  You  have  a  much 
more  complex  phenomenon  than  on  the  east  coast 
where  the  tide  is  essentially  parallel  to  the  coast 
along  the  entire  way.  It  is  much  easier  to  say 
for  the  east  coast  that  the  time  of  earth-tide  high 
water  and  loading  effect  of  ocean  tide  will  come 
at  particular  times. 

I  am  not  aware  of  any  paper  in  which  someone 
has  even  considered  the  loading  effect  on  the  west 
coast. 
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lag  in  the  oceanic  tide  compared  with  the  earth  correspond  with  the  earth  tide.    Furthermore,  the 

tide?  relative  amplitudes  for  different  frequencies  are 

Zetler  :  The  ocean  tides  do  not  follow  the  equi-  not  constant ;  the  earth  tide  again  follows  the  equi- 
librium theory  in  the  sense  that  the  high  water  in  librium  theory,  but  the  ocean  tide  does  not.  For 
any  ocean  basin  may,  from  a  statistical  point  of  example,  where  the  solar  tide  normally  would  be 
view,  occur  at  a  random  time.  The  earth  tide  def-  46  percent  of  the  lunar  tide  for  the  earth  tide, 
initely  follows  equilibrium  theory.    Therefore,  we  this  does  not  usually  happen  in  the  oceans. 
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quakes  having  magnitude  2  or  greater  in  southern 
California,  Allen's  work  is  not  mentioned.  Knop- 
off  said  that  "a  test  has  been  made  to  see  if  any 
correlation  exists  between  the  times  of  occurrence 
of  earthquakes  in  southern  California  and  the 
tidal  potential.  Two  tests  have  been  made,  one 
of  them  a  cross-correlation.  On  either  basis,  a 
statistically  significant  sample  of  earthquake 
events  gives  a  correlation  with  the  tidal  potential 
that  is  of  the  same  magnitude  as  a  random  sample." 
The  quoted  paper  contains  a  highly  competent  sta- 
tistical analysis,  but  there  is  no  suggestion  that 
the  timing  of  the  horizontal  vector  should  be 
considered. 

R.  J.  Brazee  of  the  Coast  and  Geodetic  Survey, 
reporting  in  Earthquake  Notes,  March  1957,  cor- 
related the  times  of  189  earthquakes  with  the  times 
of  the  tidal  horizontal  component.  He  plotted  the 
frequency  of  earthquake  occurrence  on  polar- 
coordinate  paper  for  each  15°  of  azimuth  for  the 
tidal  horizontal  component.  He  then  super- 
imposed this  on  the  fault  system  of  southern  Cali- 
fornia. The  occurrence  of  the  greatest  frequency 
agrees  with  the  azimuth  of  the  San  Andreas  fault. 
More  earthquakes  occur  in  that  particular  azimuth 
than  any  other;  clearly,  this  technique  shows  a 
trend  that  would  require  considerable  investiga- 
tion. It  would  be  useful  to  superimpose  on  this 
plot  some  indication  of  the  timing  of  the  ocean- 
loading  tide  as  well. 

There  are  two  physical  reasons  why  the  earth 
tide  is  not  necessarily  timed  to  synchronize  with 
the  prediction  of  earthquakes.  First,  if  the  strain 
rate  does  increase  more  rapidly  just  before  an 
earthquake,  the  chances  of  timing  the  strain  rate 
with  a  particular  peak  in  earth  tide  are  small. 
According  to  The  Press  Panel  Report  {Earth- 
quake Prediction:  A  Proposal  for  a  Ten-Year 
Program  of  Research^  Ad  Hoc  Panel  on  Earth- 
quake Prediction,  Frank  Press,  chairman.  Office 
of  Science  and  Technology,  Washington,  D.C., 
September  1965),  the  strain  rate  change  may  in- 
crease to  a  level  more  than  100  times  greater  than 
the  average  daily  rate.  For  example,  the  average 
daily  strain  rate  of  increase  for  the  San  Andreas 
fault  is  10"^,  but  during  times  of  earthquakes,  this 
strain  rate  increases  to  greater  than  10"".  Second, 
in  comparing  critical  strain  and  the  breaking  time 
with  the  amount  of  overstress,  Knopoflf  shows  that 


the  breaking  time  moves  almost  to  infinity  if  the 
overstress  is  marginal,  or  just  exceeds  the  level  of 
critical  stress;  therefore,  under  such  circum- 
stances, it  takes  more  time  for  an  earthquake  to 
occur.  As  larger  overstresses  develop,  the  time 
for  an  earthquake  to  occur  becomes  significantly 
smaller.  If  a  phenomenon  barely  exceeds  the 
critical  stress,  then  the  breaking  time  may  be  a  few 
days  or.  possibly  months.  Under  these  conditions, 
there  is  no  reason  to  expect  the  time  of  the 
earth  tide  to  synchronize  with  the  time  of  the 
earthquake. 

Discussion 

RiNEHART :  I  would  like  to  suggest  that  maybe 
fatigue  in  rock  can  occur  in  the  same  sense  that 
there  is  fatigue  in  metals ;  small  cracks  gradually 
develop  into  larger  cracks  as  the  earth  tides  take 
place.  Your  critical  stress  is  shown  at  a  constant 
level.  I  would  suggest  that  maybe  your  critical 
stress  goes  down  as  you  go  through  more  and  more 
cycles. 

Stoneley  :  Were  you  stressing  the  relationship 
to  the  fault  plane,  and  not  just  these  arbitrary 
horizontal  and  vertical  components? 

Zetler:  Yes.  Obviously,  if  all  of  the  earth- 
quakes throughout  the  earth  are  placed  into  one 
statistical  grouping,  with  various  orientations  of 
faults,  then  you  are  forcing  a  random  relation- 
ship in  your  data. 

Major  :  Do  you  not  have  an  unhappy  situation 
in  California  of  the  ocean-load  moving  from  south 
to  north,  so  that  different  portions  of  California 
will  feel  the  maximum  in  ocean-load  terms  at 
different  times? 

Zetler:  The  tidal  wave  in  the  Pacific  is  nor- 
mal to  the  coast.  It  requires  an  arbitrary  de- 
cision that  the  ocean  tide  in  a  given  area  affects 
the  loading  characteristics  at  a  particular  point. 
How  you  do  this  is  uncertain  because  the  tide 
progresses  along  the  coast.  You  have  a  much 
more  complex  phenomenon  than  on  the  east  coast 
where  the  tide  is  essentially  parallel  to  the  coast 
along  the  entire  way.  It  is  much  easier  to  say 
for  the  east  coast  that  the  time  of  earth-tide  high 
water  and  loading  effect  of  ocean  tide  will  come 
at  particular  times. 

I  am  not  aware  of  any  paper  in  which  someone 
has  even  considered  the  loading  effect  on  the  west 
coast. 
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any  ocean  basin  may,  from  a  statistical  point  of  example,  where  the  solar  tide  normally  would  be 
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NEW  DIMENSIONS  IN  ESTUARY  CLASSIFICATION' 
Donald  V.  Hansen^  and  Maurice  Rattray,  Jr. 

Department  of  Oceanography,  University  of  Washington,  Seattle  98105 

ABSTRACT 

Results  of  recent  theoretical  studies  are  used  as  a  basis  for  a  new  two-parameter  system 
of  estuarine  classification.  The  classes  are  delineated  by  the  magnitudes  of  the  relative 
stratification  and  circulation  parameters  associated  with  changes  in  the  salt  balance 
mechanism. 

The  theoretical  results  depend  on  a  knowledge  of  the  eddy  coefficients  of  viscosity  and 
diffusivity.  Tentative  relationships  between  these  coefficients  and  the  bulk  parameters  of 
tidal  current,  river  flow,  and  geomorphology,  which  are  obtained  from  experimental  data, 
may  be  used  to  determine  the  salinity  and  net  current  distributions  in  partially  mixed  and 
well-mixed  coastal  plain  estuaries. 


INTRODUCTION 

Estuaries,  in  the  traditional  sense,  are  re- 
gions of  transition  from  river  to  ocean. 
They  are  characterized  by  the  possibiUty  of 
tidal  motions  communicated  from  the  sea, 
and  by  gradients  of  salinity  and  density  as- 
sociated with  the  progressive  admixture  of 
river  water  and  seawater.  Often  they  are 
elongate  in  form  so  that  lateral  variations 
are  relatively  insignificant,  as  will  be  as- 
sumed herein.  The  action  of  gravity  upon 
the  density  difference  between  seawater 
and  freshwater  tends  to  cause  vertical  salin- 
ity stratification  and  a  characteristic  con- 
vective  flow  that  has  come  to  be  known  as 
"estuarine  circulation,"  or  gravitational  con- 
vection. 

Geomorphology,    freshwater    flow,    and 
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tides  are  the  dominant  variables  determining 
the  distributions  of  salinity  and  circulation 
within  the  estuary.  Estuaries  traditionally 
have  been  classified  according  to  their  geo- 
morphology and  their  salinity  stratification. 
The  terms  commonly  applied  are:  coastal 
plain  and  fjord  to  express  the  geomorphol- 
ogy; and  salt  wedge  or  highly  stratified, 
partially  mixed  or  moderately  stratified,  and 
well-mixed  or  vertically  homogeneous  to 
express  the  relative  salinity  stratification 
(Stommel  and  Farmer  1952;  Cameron  and 
Pritchard  1963). 

The  classification  as  a  sequence  of  mixing 
types  has  been  applied  usually  to  coastal 
plain  estuaries.  Improvements  for  naviga- 
tion have  removed  local  anomalies  suffi- 
ciently that  fairly  constant  top-to-bottom 
salinity  difference  is  maintained  over  major 
portions  of  these  estuaries  by  local  tide  and 
river  flow.  Several  investigators  have  noted 
that  the  flow  ratio  of  a  coastal  plain  estuary 
( ratio  of  the  volume  of  upland  water  enter- 
ing the  estuary  during  a  tidal  cycle  to  its 
tidal  prism)   is  a  fairly  dependable  index 
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to  its  mixing  type.  Schultz  and  Simmons 
(1957)  observe  that  where  this  ratio  is  of 
the  order  of  1.0  or  greater  we  normally  find 
the  highly  stratified  type  of  estuary  in 
which  ideally  the  river  water  flows  out 
over  a  wedge-shaped  layer  of  nearly  mo- 
tionless saline  water;  where  the  ratio  is  of 
the  order  of  0.25  we  normally  find  the  par- 
tially mixed  type;  and  where  the  ratio  is 
appreciably  less  than  0.1  we  normally  find 
the  well-mixed  type  in  which  the  top-to- 
bottom  salinity  difference  may  be  undetect- 
able. These  workers  caution,  however,  that 
this  rule  applies  only  in  a  very  general  way, 
and  they  provide  only  a  vague  definition  of 
their  criteria  for  judging  mixing  types. 

In  fjord  estuaries,  on  the  other  hand,  the 
stratification  sequence  is  not  so  much  one 
of  differences  in  control  of  stratification  by 
local  conditions  of  tide  and  river  flow  as 
of  progressive  change  along  the  estuary. 
Characteristics  of  fjord  estuaries  have  re- 
cently been  reviewed  by  Pickard  ( 1961 ) , 
Saelen  (1964),  and  Rattray  (1964).  Near 
the  freshwater  source,  characteristically  at 
the  head  of  the  fjord,  the  estuaries  are 
highly  stratified,  not  unlike  salt-wedge  es- 
tuaries except  for  greater  depth  of  the  un- 
derlying saline  water,  and  the  nontidal  cir- 
culation is  confined  primarily  to  the  near- 
surface  region.  As  the  surface  layer  flows 
seaward  it  entrains  higher-salinity  water 
from  below,  progressively  reducing  the  rela- 
tive stratification.  Where  there  are  shallow 
sills  or  lateral  constrictions  the  mixing  proc- 
ess may  be  augmented  locally  to  an  extent 
that  vertical  stratification  is  nearly  de- 
stroyed. In  such  an  outer  well-mixed  por- 
tion of  a  fjord  the  circulation  is  similar  to 
that  in  a  coastal  plain  estuary,  although 
with  the  greater  fjord  depth  the  circulation 
may  often  be  more  sensitive  to  subtle  in- 
fluences such  as  seasonal  changes  in  density 
of  the  oceanic  source  water. 

Stommel  and  Farmer  ( 1952 )  concluded 
that  classification  of  estuaries  in  terms  of 
salinity  stratification  had  dynamical  signifi- 
cance. The  data  available  at  that  time 
suggested  that  well-mixed  estuaries  have  a 
net  flow  seaward  at  all  depths  and  that  the 
upstream  salt  flux  occurs  by  horizontal  dif- 


fusion. Reversal  of  the  pressure  gradient 
with  depth  in  partially  mixed  estuaries,  on 
the  other  hand,  was  thought  to  maintain 
upstream  flow  in  the  bottom  layer.  Al- 
though this  conclusion  has  been  for  several 
years  a  working  rule  for  interpretation  of 
data  from  estuaries,  recent  theoretical  mod- 
els developed  by  the  authors  (Hansen  and 
Rattray  1965)  show  that  the  relative  de- 
velopment of  stratification  and  gravitational 
convection  in  estuaries  depends  upon  two 
dimensionless  parameters,  and  indicate  that 
the  situation  is  not  so  simple  as  it  once  ap- 
peared. Observations  made  in  the  Mersey 
estuary  ( Bowden  1963;  Price  and  Kendrick 
1963)  provide  direct  evidence  that  gravita- 
tional convection  can  occur  in  estuaries  that 
approach  vertical  homogeneity  as  well  as 
in  estuaries  with  more  evident  stratifica- 
tion. We  propose  therefore  a  two-param- 
eter classification,  in  which  estuarine  dy- 
namics are  explicitly  included. 

The  relative  development  of  stratifica- 
tion and  gravitational  convection  does  pro- 
vide insight  into  the  comparative  impor- 
tance of  horizontal  diffusion  and  advection 
for  the  upstream  salt  flux  in  estuaries.  Ex- 
tremes of  this  relationship  have  already 
been  recognized  and  used  by  oceanogra- 
phers  and  engineers.  Stommel  ( 1953 ) ,  ap- 
parently as  a  result  of  his  conclusion  regard- 
ing the  absence  of  gravitational  convection 
in  well-mixed  estuaries,  proposed  a  method 
using  the  observed  salinity  distribution  to 
evaluate  longitudinal  dispersion  of  pollu- 
tants in  estuaries  of  this  type.  Bowden's 
( 1965 )  analysis  of  the  "shear  effect"  now 
makes  it  clear  that  the  validity  of  the 
method  proposed  by  Stommel  does  not  re- 
quire the  absence  of  gravitational  convec- 
tion, so  long  as  the  pollutant  of  interest 
also  varies  only  in  the  longitudinal  direc- 
tion. On  the  other  hand,  Knudsen's  hydro- 
graphical  theorem  (Proudman  1953)  has 
long  been  used  to  evaluate  the  water  ex- 
changes through  straits  to  landlocked  basins 
on  purely  advective  principles.  One  of  the 
early  results  of  the  James  River  studies  was 
Pritchard's  ( 1952 )  report  that  this  method 
is  also  applicable  to  partially  mixed  coastal 
plain  estuaries. 
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SALT   BALANCE   RELATIONSHIPS 

The  significance  of  theoretical  dimension- 
less  parameters  in  determining  the  parti- 
tion of  upstream  salt  flux  among  the  river 
discharge,  gravitational  convection,  and  dif- 
fusive modes  for  coastal  plain  estuaries  was 
shown  by  Hansen  and  Rattray  ( 1965 ) .  The 
pertinent  results  are  expressed  in  their  equa- 
tions (15),  (16),  (17),  and  (18)  which  re- 
late the  distributions  of  salinity  and  longi- 
tudinal current  to  the  controlling  param- 
eters.  These  equations  are 
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where 
X,  z         are  the  longitudinal  and  vertical 

coordinates, 
u  is  the  longitudinal  time-mean  ve- 

locity. 
Us  is  the  longitudinal  time-mean  ve- 

locity at  the  surface  z  =  0, 
Tw  is  the  surface  wind  stress, 

g  is  the  acceleration  due  to  gravity, 

B,  D      are  the  width  and  depth  of  the 

estuary, 
A„  is  the  vertical  turbulent  viscosity, 

Kn,  Ky    are   the   horizontal   and   vertical 

turbulent  diffusivities, 
Kuo        is  the  value  of  K^  at  x  =  0, 
S  is  the  time-mean  salinity. 

So  is  the  sectional  mean  of  S, 

cf)  is  a  streamfunction, 

are  the  densities  of  estuarine  wa- 
ter and  freshwater, 
k  is  (1/p^)  (dp/dS), 

R  is  the  river  discharge  rate, 

Uf         is    the    integral    mean    velocity 


P'Pf 


( R  -^  cross-sectional  area  of  the 
estuary ) , 

T  is  the  dimensionless  wind  stress 

=  BD^JAyR, 

Ra  is  the  estuarine  Rayleigh  number 
=  gfcSoDVA,K,o, 

M  is  the  tidal-mixing  parameter  = 

KXmByR\ 

^  is  a  dimensionless  horizontal  co- 

ordinate =  Rx/BDKho, 

f]  is  a  dimensionless  vertical  coordi- 

nate —  z/D, 

V  is  a  constant  representing  the  dif- 

fusive fraction  of  the  total  up- 
stream salt  flux. 

Differentiation  of  equation  (2)'  with  re- 
spect to  ^  and  substitution  for  ^  yields 

5S  _    RSo  _ 

and  shows  that  the  diffusive  upstream  salt 
flux  at  x  =  0,  Kfto  dS/dx,  is  the  fraction  v 
of  the  total  salt  flux  given  by  the  product 
of  the  sectional  mean  velocity  and  the  sec- 
tional mean  salinity.  The  remaining  up- 
stream salt  flux  is  the  result  of  the  gravita- 
tional convection  in  the  estuary.  The  dif- 
fusive fraction,  v,  is  related  to  M,  Ra,  and 
r  by 

l,680M(l-v)  =  (32  +  10r  +  T2)r 


+  (76  +  14r)^v2  + 
48 


152  /  Ra  V 
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These  features  from  the  mathematical 
models  are  conveniently  expressed  in  di- 
mensionless form  by  a  circulation  param- 
eter, the  ratio  of  the  net  surface  current^  to 
the  mean  freshwater  velocity  through  the 
section,  Ug/Uf-,  and  a  stratification  param- 
eter, the  ratio  of  the  top-to-bottom  salinity 


^  It  is  essential  to  represent  estuarine  behavior 
by  two  independent  parameters  (or  three  inde- 
pendent parameters  where  wind  stress  is  impor- 
tant ) .  It  is  unfortunate  that  the  net  surface  current 
may  be  somewhat  difficult  to  measure  in  the  field, 
but  the  ratio  u,/Uf  is  the  simplest  available  mea- 
sure of  the  circulation.  With  the  help  of  equa- 
tions ( 1 )  and  ( 2 ) ,  any  other  information  on  the 
vertical  dependence  of  the  time-mean  current  can 
be  used  as  a  measure  of  u,/Uf. 
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Fig.  1.  Fraction  of  horizontal  salt  balance  by 
diffusion,  as  a  function  of  salinity  stratification  and 
convective  circulation  in  a  rectangular  channel. 


difference  to  the  mean  salinity  over  the  sec- 
tion, SS/Sq.  The  diffusive  fraction,  v,  of 
total  upstream  salt  transfer  in  a  rectangular 
channel  implied  by  these  stratification  and 
circulation  parameters  is  shown  by  Fig.  1. 
When  V  =  1,  gravitational  convection  ceases 
and  the  upstream  salt  flux  is  entirely  by 
diffusion;  as  v  -^  0,  diffusion  is  unimportant 
and  the  upstream  salt  flux  is  almost  en- 
tirely by  gravitational  convection  in  a  two- 
layered  flow.  For  values  of  v  between  0.9 
and  0.1,  advective  and  diffusive  fluxes  both 
are  important  in  the  horizontal  salt  balance. 
The  exact  positions  of  the  isopleths  of  v 
depend  upon  the  boundary  conditions  of 
the  particular  theoretical  model  employed 
for  their  evaluation,  but  variations  from  the 
indicated  relationships  are  expected  to  be 
small.  It  is  clear  from  Fig.  1  that,  contrary 
to  what  has  been  stated  or  implied  in  the 
literature,  the  advective  component  of  salt 
flux  is  not  necessarily  proportional  to  salin- 
ity stratification. 

CLASSIFICATION   IN   TERMS   OF 
STRATIFICATION   AND    CIRCULATION 

We  conclude  that  a  useful  purpose  can 
be  served  by  classifying  estuaries  in  terms 
of  two  parameters,  the  stratification  and 
the  circulation,  although  we  recognize  that 
not  all  significant  differences  in  the  vertical 
distribution  of  properties  in  estuaries  can 
be  expressed  in  terms  of  these  two  param- 


eters alone.  A  plot  of  the  values  of  strati- 
fication and  circulation  for  estuaries  will 
be  called  a  stratification-circulation  dia- 
gram in  analogy  to  the  temperature-salinity 
( T-S )  diagram  for  the  description  of  ocean 
water  masses. 

We  have  identified  seven  types  of  es- 
tuaries, basically  following  the  conven- 
tional usage  initiated  by  Stommel  and 
Farmer,  but  further  differentiating  physi- 
cally significant  differences  of  regime. 

In  Type  1  the  net  flow  is  seaward  at  all 
depths  and  the  upstream  salt  transfer  is 
effected  by  diffusion.  Type  la  is  the  arche- 
typical well-mixed  estuary  in  which  the  sa- 
linity stratification  is  slight,  while  in  lb 
there  is  appreciable  stratification.  For  Type 
2  the  net  flow  reverses  at  depth  and  both 
advection  and  diffusion  contribute  impor- 
tantly to  the  upstream  salt  flux.  The  strati- 
fications in  Types  2a  and  2b  correspond  to 
those  for  Types  la  and  lb,  respectively. 
Type  3  is  distinguished  from  Type  2,  pri- 
marily by  the  dominance  of  advection  in 
accounting  for  over  99%  of  the  upstream 
salt  transfer.  In  Type  3b  estuaries,  the 
lower  layer  is  so  deep  that  in  effect  the 
salinity  gradient  and  the  circulation  do  not 
extend  to  the  bottom,  an  important  qualita- 
tive difference  from  other  types  of  estu- 
aries. Fjord  estuaries  are  generally  of  Type 
3b  until  mixed  to  the  extent  that  they  as- 
sume the  Type  3a  characteristics  of  small 
stratification.  In  Type  4  (salt- wedge)  es- 
tuaries, the  stratification  is  still  greater  and 
the  flow  grades  from  a  thick  upper  layer 
flowing  over  and  little  influenced  by  a  thin 
lower  layer,  to  a  shallow  surface  layer  flow- 
ing with  little  influence  over  a  deep  lower 
layer. 

A  certain  arbitrariness  necessarily  re- 
mains in  the  separation  of  classes.  The  a 
and  b  separation  of  classes  is  a  matter  of 
convenience  for  expressing  the  relative  strat- 
ification of  the  estuaries,  and  the  transi- 
tion between  Types  3  and  4  has  little  ob- 
servational or  theoretical  basis.  The  upper- 
most boundary  represents  conditions  of 
freshwater  outflow  over  a  stagnant  saline 
layer. 
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The  significance  of  theoretical  dimension- 
less  parameters  in  determining  the  parti- 
tion of  upstream  salt  flux  among  the  river 
discharge,  gravitational  convection,  and  dif- 
fusive modes  for  coastal  plain  estuaries  was 
shown  by  Hansen  and  Rattray  ( 1965 ) .  The 
pertinent  results  are  expressed  in  their  equa- 
tions (15),  (16),  (17),  and  (18)  which  re- 
late the  distributions  of  salinity  and  longi- 
tudinal current  to  the  controlling  param- 
eters.  These  equations  are 
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where 
X,  z         are  the  longitudinal  and  vertical 

coordinates, 
u  is  the  longitudinal  time-mean  ve- 

locity, 
Us  is  the  longitudinal  time-mean  ve- 

locity at  the  surface  z  —  0, 
Tw  is  the  surface  wind  stress, 

g  is  the  acceleration  due  to  gravity, 

B,  D      are  the  width  and  depth  of  the 

estuary. 
Ay  is  the  vertical  turbulent  viscosity, 

Kn,  Ky    are   the   horizontal   and   vertical 

turbulent  diffusivities, 
K;jo        is  the  value  of  K;^  at  x  =  0, 
S  is  the  time-mean  salinity. 

So  is  the  sectional  mean  of  S, 

4,  is  a  streamfunction, 

p,  p.        are  the  densities  of  estuarine  wa- 
ter and  freshwater, 
k  is  (1/p,)  (dp/dS), 

R  is  the  river  discharge  rate, 

Uf         is    the    integral    mean    velocity 


( R  -^  cross-sectional  area  of  the 

estuary ) , 

is  the  dimensionless  wind  stress 

=  BD'-r,,/A,R, 

is  the  estuarine  Rayleigh  number 

=  gkSoD^/A,Kno, 

is  the  tidal-mixing  parameter  = 

is  a  dimensionless  horizontal  co- 
ordinate =  Rx/BDKho, 
is  a  dimensionless  vertical  coordi- 
nate =  z/D, 

is  a  constant  representing  the  dif- 
fusive fraction  of  the  total  up- 
stream salt  flux. 


Differentiation  of  equation    (2)'  with  re- 
spect to  I  and  substitution  for  $  yields 
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and  shows  that  the  diffusive  upstream  salt 
flux  at  x  —  O,  Kno  dS/dx,  is  the  fraction  v 
of  the  total  salt  flux  given  by  the  product 
of  the  sectional  mean  velocity  and  the  sec- 
tional mean  salinity.  The  remaining  up- 
stream salt  flux  is  the  result  of  the  gravita- 
tional convection  in  the  estuary.  The  dif- 
fusive fraction,  v,  is  related  to  M,  Ra,  and 
T  by 

l,680M(l-v)  =  (32  +  10T  +  T2)v 

These  features  from  the  mathematical 
models  are  conveniently  expressed  in  di- 
mensionless form  by  a  circulation  param- 
eter, the  ratio  of  the  net  surface  current^  to 
the  mean  freshwater  velocity  through  the 
section,  Ug/Uf,  and  a  stratification  param- 
eter, the  ratio  of  the  top-to-bottom  salinity 


^  It  is  essential  to  represent  estuarine  behavior 
by  two  independent  parameters  (or  three  inde- 
pendent parameters  where  wind  stress  is  impor- 
tant ) .  It  is  unfortunate  that  the  net  surface  current 
may  be  somewhat  difficult  to  measure  in  the  field, 
but  the  ratio  Us/U  1  is  the  simplest  available  mea- 
sure of  the  circulation.  With  the  help  of  equa- 
tions (1)  and  (2),  any  other  information  on  the 
vertical  dependence  of  the  time-mean  current  can 
be  used  as  a  measure  of  u,/U  1. 
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Fig.  1.  Fraction  of  horizontal  salt  balance  by 
diffusion,  as  a  function  of  salinity  stratification  and 
convective  circulation  in  a  rectangular  channel. 


difference  to  the  mean  salinity  over  the  sec- 
tion, SS/Sq.  The  diffusive  fraction,  v,  of 
total  upstream  salt  transfer  in  a  rectangular 
channel  implied  by  these  stratification  and 
circulation  parameters  is  shown  by  Fig.  1. 
When  V  =  1,  gravitational  convection  ceases 
and  the  upstream  salt  flux  is  entirely  by 
diffusion;  as  v  -^  0,  diffusion  is  unimportant 
and  the  upstream  salt  flux  is  almost  en- 
tirely by  gravitational  convection  in  a  two- 
layered  flow.  For  values  of  v  between  0.9 
and  0.1,  advective  and  diffusive  fluxes  both 
are  important  in  the  horizontal  salt  balance. 
The  exact  positions  of  the  isopleths  of  v 
depend  upon  the  boundary  conditions  of 
the  particular  theoretical  model  employed 
for  their  evaluation,  but  variations  from  the 
indicated  relationships  are  expected  to  be 
small.  It  is  clear  from  Fig.  1  that,  contrary 
to  what  has  been  stated  or  implied  in  the 
literature,  the  advective  component  of  salt 
flux  is  not  necessarily  proportional  to  salin- 
ity stratification. 

CLASSIFICATION    UST   TERMS    OF 
STRATIFICATION   AND   CIRCULATION 

We  conclude  that  a  useful  purpose  can 
be  served  by  classifying  estuaries  in  terms 
of  two  parameters,  the  stratification  and 
the  circulation,  although  we  recognize  that 
not  all  significant  differences  in  the  vertical 
distribution  of  properties  in  estuaries  can 
be  expressed  in  terms  of  these  two  param- 


eters alone.  A  plot  of  the  values  of  strati- 
fication and  circulation  for  estuaries  will 
be  called  a  stratification-circulation  dia- 
gram in  analogy  to  the  temperature-salinity 
( T-S )  diagram  for  the  description  of  ocean 
water  masses. 

We  have  identified  seven  types  of  es- 
tuaries, basically  following  the  conven- 
tional usage  initiated  by  Stommel  and 
Farmer,  but  further  differentiating  physi- 
cally significant  differences  of  regime. 

In  Type  1  the  net  flow  is  seaward  at  all 
depths  and  the  upstream  salt  transfer  is 
effected  by  diffusion.  Type  la  is  the  arche- 
typical well-mixed  estuary  in  which  the  sa- 
linity stratification  is  slight,  while  in  lb 
there  is  appreciable  stratification.  For  Type 
2  the  net  flow  reverses  at  depth  and  both 
advection  and  diffusion  contribute  impor- 
tantly to  the  upstream  salt  flux.  The  strati- 
fications in  Types  2a  and  2b  correspond  to 
those  for  Types  la  and  lb,  respectively. 
Type  3  is  distinguished  from  Type  2,  pri- 
marily by  the  dominance  of  advection  in 
accounting  for  over  99%  of  the  upstream 
salt  transfer.  In  Type  3b  estuaries,  the 
lower  layer  is  so  deep  that  in  effect  the 
salinity  gradient  and  the  circulation  do  not 
extend  to  the  bottom,  an  important  qualita- 
tive difference  from  other  types  of  estu- 
aries. Fjord  estuaries  are  generally  of  Type 
3b  until  mixed  to  the  extent  that  they  as- 
sume the  Type  3a  characteristics  of  small 
stratification.  In  Type  4  (salt- wedge)  es- 
tuaries, the  stratification  is  still  greater  and 
the  flow  grades  from  a  thick  upper  layer 
flowing  over  and  little  influenced  by  a  thin 
lower  layer,  to  a  shallow  surface  layer  flow- 
ing with  little  influence  over  a  deep  lower 
layer. 

A  certain  arbitrariness  necessarily  re- 
mains in  the  separation  of  classes.  The  a 
and  b  separation  of  classes  is  a  matter  of 
convenience  for  expressing  the  relative  strat- 
ification of  the  estuaries,  and  the  transi- 
tion between  Types  3  and  4  has  little  ob- 
servational or  theoretical  basis.  The  upper- 
most boundary  represents  conditions  of 
freshwater  outflow  over  a  stagnant  saline 
layer. 
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Data  points  from  several  estuaries  are 
plotted  in  terms  of  these  coordinates  in 
Fig.  2.  These  data  are  specific  to  particular 
places  and  sets  of  conditions  in  the  respec- 
tive estuaries  and  vary  from  section  to  sec- 
tion and  from  time  to  time.  Entire  estu- 
aries, under  any  given  set  of  conditions, 
are  characterized  in  the  stratification-cir- 
culation diagram  by  a  line,  rather  than  a 
point,  which  may  cross  class  boundaries 
putting  different  parts  of  the  estuary  into 
separate  classes.  Data  from  two  stations  in 
the  James  River  show  two  points  on  such 
a  line.  Similarly,  a  section  of  an  estuary 
must  be  expected  to  change  its  character- 
istics in  response  to  external  factors,  such 
as  seasonal  changes  in  freshwater  input. 
The  points  for  the  Mississippi  River,  Co- 
lumbia River,  and  Silver  Bay  illustrate  the 
nature  of  these  changes.  In  the  last  two 
cases,  the  changes  in  runoff  have  caused 
these  sections  of  the  estuaries  to  change 
classes. 

The  dashed  lines  through  the  data  points 
for  Silver  Bay  and  the  Strait  of  Juan  de 
Fuca  show  the  relation  between  the  salinity 
and  velocity  ratios  for  purely  advective 
horizontal  salt  flux  (Knudsen's  relation) 
for  a  region  with  no  local  freshwater  in- 
flow, and  thus  show  the  lines  along,  which 
points  should  fall  in  a  reach  of  a  fjord. 
Comparison  of  the  orientation  of  these  lines 
with  the  isopleths  of  v  on  Fig.  1  shows  that 
the  latter  are,  in  a  sense,  generalizations 
of  the  Knudsen  lines  which  include  hori- 
zontal diffusion  of  salt  as  a  constant  frac- 
tion of  the  total  upstream  salt  flux.  These 
data  also  suggest  that  a  change  in  river 
flow  is  equivalent  in  a  general  way  to  a 
change  in  position  along  the  estuary. 

RELATIONSHIP   OF    STRATIFICATION   AND 

CIRCULATION   TO    BULK   PARAMETERS 

IN   WELL-MIXED   AND    PARTIALLY 

MIXED   ESTUARIES 

The  mathematical  models  for  well-mixed 
and  partially  mixed  estuaries  from  which 
Fig.  1  is  derived  [equations  (l)-(4)]  show 
the  relationship  of  relative  stratification 
and  circulation  to  the  governing  variables 
in  terms  of  two  dimensipnless  parameters. 
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Fig.  2.  Proposed  classification  with  some  ex- 
amples. (Station  code:  M,  Mississippi  River 
mouth;  C,  Columbia  River  estuary;  J,  James  River 
estuary;  NM,  Narrows  of  the  Mersey  estuary;  JF, 
Strait  of  Juan  de  Fuca;  S,  Silver  Bay.  Subscripts 
h  and  {  refer  to  high  and  low  river  discharge; 
numbers  indicate  distance  (in  miles)  from  mouth 
of  the  James  River  estuary. ) 


Although  these  parameters  are  not  readily 
measurable  because  they  contain  eddy  co- 
efficients for  viscosity  and  diffusion,  they 
will  depend  upon  the  bulk  parameters  of 
river  flow,  tides,  and  geomorphology. 

The  essential  features  of  these  bulk  pa- 
rameters are  expressed  by  three  quantities 
having  the  dimensions  of  velocity:  the  river 
discharge  per  unit  area  of  cross  section  of 
the  estuary,  U f,  the  rms  tidal  current  speed, 
l]t\  and  the  "densimetric  velocity,"  1]^.  — 
V  gDAp/p,  where  Ap  is  the  density  differ- 
ence between  river  water  and  seawater. 

Theoretical  studies  (Stommel  and  Farmer 
1952;  Ippen  and  Keulegan  1965 )  have  iden- 
tified an  interfacial  or  densimetric  Froude 
number  as  an  important  parameter  in  the 
dynamics  of  highly  stratified  estuaries.  For 
extension  to  mixed  estuaries  where  dis- 
crete upper  and  lower  layers  are  not  dis- 
cernible, we  define  the  densimetric  Froude 
number  by  F^  =  Uf/U^.  This  parameter 
expresses  the  ratio  of  forced  river  flow  to 
potential  for  density-induced  internal  cir- 
culation. We  find  that  it  correlates  with  the 
parameter  vRa,  which  expresses  a  similar 
relation  in  our  theoretical  models. 

Ippen  and  Harleman  (1961)  concluded 
from  their  work  with  hydraulic  flumes  that 
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the  flow  ratio  does  not  correlate  well  with 
stratification  in  estuaries  and  proposed  in- 
stead a  "stratification  number"  based  upon 
tidal  energy  dissipation  in  the  estuary.  Our 
studies  lead  us  to  believe  that  no  single 
parameter  is  adequate  to  portray  the  com- 
pound tendency  of  gravitational  convec- 
tion to  generate  stratification  and  of  vertical 
mixing  from  turbulent  tidal  currents  to  de- 
stroy it.  The  coupling  between  the  circu- 
lation and  salinity  distribution  is  included 
in  the  mathematical  theory;  the  ratio  P  = 
Uf/Ut,  proportional  to  the  flow  ratio,  will 
be  shown  to  be,  within  the  limits  of  present 
data,  a  simple  and  adequate  measure  of  the 
tidal  mixing  expressed  by  the  theoretical 
tidal  mixing  parameter  M/v. 

Fig.  3  shows  the  correlations  obtained 
between  these  pairs  of  parameters  for  es- 
tuaries where  observations  can  be  inter- 
preted in  terms  of  the  theoretical  models. 
The  indicated  straight-line  relationships, 
not  necessarily  the  best  fit,  are 


and 


vRa  =  16F^  3/4 
M/v  =  0.05P-'^/5 


(5) 
(6) 


Considerable  uncertainty  attaches  to  values 
of  vRa  less  than  100  because  it  is  difficult 
to  distinguish  density  effects  from  the  in- 
fluence of  boundaries  on  the  velocity  pro- 
file when  the  former  are  slight.  The  corre- 
lation of  larger  values  of  vRa  with  F^  is 
good.  The  greatest  departures  from  the  re- 
lationship between  P  and  M/v  are  in  the 
cases  of  the  Mississippi  River  mouth  where 
the  theoretical  models  are  inappropriate  be- 
cause tidal  currents  are  not  the  dominant 
cause  of  vertical  mixing  and  of  the  Strait 
of  Juan  de  Fuca  wherein  the  salinity  strati- 
fication is  not  strongly  dependent  upon 
local  mixing  conditions. 

Equations  ( 5 )  and  ( 6 )  can  be  combined 
with  equations  ( 1 )-( 4 )  from  the  theoretical 
models  to  compute  the  dependence  of  strat- 
ification and  circulation  on  Fm  and  P  in 
partially  mixed  and  well-mixed  estuaries. 
Fig.  4  shows  the  isopleths  of  Fm  and  P  su- 
perimposed on  the  stratification-circulation 
diagram.  Use  of  this  figure  permits  deter- 
mination of  the  stratification  and  circula- 
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Fig.  3.  Correlation  of  bulk  parameters  with 
theoretical  parameters. 

tion,  and  therefore  the  classification  of  an 
estuary  from  knowledge  of  its  bulk  param- 
eters when  the  estuary  falls  within  the  ap- 
propriate classes. 

DISCUSSION 

Although  the  necessity  for  a  two-param- 
eter system  for  classification  even  of 
narrow,  elongate  estuaries  appears  well 
founded,  the  quantitative  relation  of  cir- 
culation and  stratification  in  estuaries  to 
the  tidal  mixing  parameter  and  the  densi- 
metric  Froude  number  must  be  considered 
as  tentative.  Too  few  direct  observations 
of  circulation  in  estuaries  have  been  made 
to  permit  conclusive  judgment  of  whether 
these  simple  parameters  are  adequate  for 
prediction  of  vertical  distributions  of  prop- 
erties in  all  estuaries. 

The  flow  ratio  defined  by  Schultz  and 
Simmons  is  approximately  equal  to  2P.  It 
is  apparent  from  Fig.  4,  therefore,  that  so 
far  as  tidal  mixing  is  concerned  these  results 
are  consistent  with  their  observations.  For 
constant  values  of  the  flow  ratio  there  may 
still  be  considerable  variation  of  stratifica- 
tion with  Fm  owing  to  the  stratifying  influ- 
ence of  the  nontidal  velocity  distribution. 

The  parameters  P  and  Fm  also  appear  to 
extrapolate  in  a  general  way  to  be  indica- 
tive of  the  behavior  in  fjord  estuaries,  but 


ESTUARY   CLASSIFICATION 


325 


Fig.  4.  Stratification-circulation  diagram  show- 
ing isopleths  of  the  bulk  parameters  F^^  and  P. 

there  are  as  yet  insufficient  theoretical  and 
observational  bases  to  relate  the  stratifica- 
tion and  circulation  of  fjords  to  the  bulk 
parameters.  In  fjords,  the  vertical  mixing 
can  be  neither  attributed  to  tidal  currents 
nor  ignored.  Figs.  1  and  2  suggest  that 
Knudsen's  theorem  is  probably  valid  for 
fjord  circulations,  but  there  is  no  external 
basis  for  prediction  of  the  salinity  and  ve- 
locity profiles  or  even  for  identification  of 
the  respective  flow  layers. 

If  the  proposed  parameters  are  adequate, 
then  one  has  recourse  to  equations  (1)- 
(6)  as  a  basis  for  estimation  of  complete 
vertical  profiles  of  mean  salinity  and  ve- 
locity in  well-mixed  and  partially  mixed 
estuaries.  The  vertical  distribution  of  salin- 
ity is  sufficiently  easy  to  observe  to  be  use- 
ful as  a  partial  test  of  the  method.  Further 
work  in  which  the  mathematical  models 
are  generalized  to  encompass  the  influence 
of  various  boundary  conditions  and  shapes 
( to  be  presented  elsewhere )  will  permit  an 
improved  estimate  of  these  vertical  profiles. 

The  circulation  in  sea  straits  with  known 
salt  and  water  budgets  is  similar  to  that  in 
estuaries  although  the  density  transition  and 


exchange  flow  may  be  between  adjacent 
water  masses  neither  of  which  is  either  fresh 
or  oceanic.  The  resulting  distribution  of 
properties  depends  largely  upon  the  rela- 
tive density  difference  and  vertical  stratifi- 
cation of  the  source  waters.  Conditions  in 
the  Bosporus,  for  example,  approach  those 
in  salt  wedges  except  that  the  upper  layer 
has  a  salinity  ( IS^o )  characteristic  of  the 
Black  Sea  surface  water.  Where  the  supply 
of  low-density  water  is  less  or  the  mixing 
over  shallow  sills  is  much  greater,  the  strat- 
ification more  closely  resembles  that  in 
mixed  estuaries.  The  latter  situation  fre- 
quently occurs  in  the  outer  reaches  of  fjord 
estuaries;  the  Strait  of  Juan  de  Fuca  is  an 
example.  In  either  case  the  circulation  in 
straits  is  basically  a  two-layer  flow  similar 
in  many  cases  to  that  found  in  coastal  plain 
estuaries,  and  the  techniques  for  salt-wedge 
and  mixed  estuaries  are  applicable  to  strait 
circulations  if  the  relevant  parameters  are 
expressed  in  terms  of  the  density  difference 
between  the  source  waters. 
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